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Abstract 
Human acellular dermal matrices (HADMs) are used in reconstruc-
tive surgery as scaffolds promoting autologous tissue regeneration. De-
spite their primary usage was in burn surgery, HADMs have recently 
been employed in reconstructive surgeries, which involve the high me-
chanical resistance prerequisite (e.g. rotator cuff tears repair, Achilles 
tendon augmentation, breast reconstruction procedure, hernia repair). 
Critical to the HADM ability to remodel and integrate into the host 
tissue is the removal of cells while maintaining an intact extracellular 
architecture. First objective of this research is to develop a methodology 
to analyze the mechanical properties of HADMs after decellularization 
to identify its ideal form of treatment and its duration. Two different 
decellularization techniques were used as a benchmark: the first is a well-
established technique (incubation in NaOH for 1 to 7 weeks), and the 
second is an innovative technique developed by the Turin Skin Bank 
(AOU Città della Salute e della Scienza) research group (incubation in 
DMEM (Dulbecco's modified Eagle medium) for 1 to 7 weeks). After 
decellularization, the specimens underwent uniaxial tensile tests, and ex-
perimental data were represented with stress strain curves, calculating 
both engineering and true values. Mechanical tests, coupled to the im-
munohistochemical evaluation and the surgeons’ macroscopic analysis, 
have led to the identification of the optimal method (DMEM) and du-
ration (5 weeks) for the decellularization treatment. Moreover, despite 
differences have been found between engineering and true values, which 
can reach 84%, the engineering values remain useful to make compari-
sons, providing reliable indications with a simpler experimental set up 
and data processing.  
Once identified the most suitable decellularization treatment, the 
preservation process has been inquired analysing its effects on the ECM 
mechanical properties. The standardized glycerolization procedure for 
the preservation of skin allograft is considered a simple and cost-effective 
method resulting in non-viable but intact skin that can be used as bio-
logical dressing on scalds, temporary coverage on excised burns and as a 
 x 
 
means of wound bed preparation. This same procedure can be used for 
the conservation of the decellularized dermis, whose application is in the 
reconstruction of tissues subjected to high mechanical in vivo solicita-
tions. The preservation of the ECM’s integrity during the storage period 
is mandatory. Therefore, dermis tissue harvested from four donors was 
subjected to glycerolization and uniaxial mechanical tests were carried 
out on paired samples composed by de-glycerolized allograft and freshly 
excised human dermis collected from the same donor. Mechanical tests 
have led to the identification of the treatment influence, showing post-
treatment increases in ultimate stress and elastic modulus of up to 191% 
and 212% respectively. In addition, donor and orientation factors were 
investigated, confirming the higher anisotropy of skin in older donors. 
Fundamental in the clinical uses of HADM is its suturability during 
the surgery procedure and the sutured allograft behavior when physio-
logically solicited. The first feature can be evaluated through a macro-
scopic analysis carried out by an experienced clinical examination. For 
the second one a mechanical characterization is mandatory, and it was 
here performed investigating the sutured HADM in various condition 
(one single suture at one end of the specimen (I), one or two stitches 
between two pieces of dermis in quasi-static (II) and dynamic conditions 
(III)). Standard uniaxial tensile tests were performed, coupling tensile 
machine sensor outputs to image analysis, with the aim of providing 
additional information other than just the “suture retention strength” 
value. Characteristic curves of the sutured dermis behaviour were ob-
tained and were compared with control intact specimens. This analysis 
showed an increase in the elasticity of the sutured specimens, which ap-
pears to have beneficial effects in the immediate post-operative period, 
when the dermis allograft has not yet been incorporated and colonized 
by the host tissue. 
Uniaxial engineering stress-strain curves obtained in the first phase 
of this work were then exploited for the implementation of four different 
computational model (both linear and non-linear), and an evaluation 
procedure was carried out based on a quantitative comparison of the 
simulation results with parameters extracted from the true stress-strain 
xi 
 
curves. It was found that the results obtained from the hyperelastic mod-
els well represent the experimental situation, and in particular, the in-
compressible Odgen model shows less than 7% percentage variations for 
all the considered parameters. It was then confirmed the inadequacy of 
the linear models to describe the behaviour of a biological material like 
dermis. 
The last aspect investigated in this research was the biaxial charac-
terization of the engineered HADMs. In fact, planar biaxial testing al-
lows for a two-dimensional stress-state that can be used to fully charac-
terize the dermis properties. The high cost related to this type of analysis 
has lead to the development of a new low cost biaxial conversion mech-
anism for a uniaxial testing machine. This mechanism was realized 
through rapid prototyping considerably reducing the implementation 
costs and facilitating the design phase, assisted by the immediate print-
ing and testing of the components. Before use, the device was validated 
through both experimental and computational tests which involved the 
response of the mechanism when subjected to unbalanced loads and the 
evaluation of the uniformity of the strain distributions in a small central 
region of the specimen. This latter was performed through different pro-
cedures (the finite element method, the DIC method and the rosette gage 
theory) all employing the optical measure of strains. The biaxial me-
chanical behaviour of untreated and decellularized dermis was measured 
exploiting the purpose-made biaxial fixture. Stress-strain curves were 
evaluated from loads acquired by two load cells positioned along two 
orthogonal axis and the optical measure of the deformations of four 
markers located in the central area of the specimen. The specimens re-
sulted on average less extensible in the medio-lateral direction (namely, 
along the Langer lines) then in the cranio-caudal direction, confirming 
the correlation of dermis mechanical response with collagen fibres dispo-
sition with respect to the loading direction. 
 xii 
 
  
  
 
  
 
 
 Introduction 
1.1 Motivation 
The aim of the research here presented is the engineering of an acel-
lular matrix produced from dermal tissue aimed at clinical applications 
which implicate demanding mechanical properties. In fact, despite the 
ADM (acellular dermal matrix) primary usage was in burn surgery as 
biological dressing on scalds, temporary coverage on excised burns and  
in wound bed preparation, ADMs have recently been employed in recon-
structive surgeries which involve the high mechanical resistance prereq-
uisite (e.g. rotator cuff tears repair, Achilles tendon augmentation, 
breast reconstruction procedure, hernia repair). A thorough mechanical 
characterization aimed at optimizing the chemical treatments required 
for the acellular matrix engineering is therefore mandatory, and it is 
functional to the obtaining of the optimal mechanical performance for 
the resulting ADM. Subsequent characterizations aimed at the investi-
gation of the engineered tissue response when subjected to stresses sim-
ilar to those in vivo are needed in order to provide additional guidance 
to surgeons. 
Chapter 1 
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A secondary purpose of this research is widening the existing 
knowledge of the mechanical properties of dermis tissue. Accurate meas-
urements of the mechanical properties of soft biological tissues, like der-
mis, allows improving the safety and the efficacy of medical implants in 
soft tissues through the development of more faithful computer simula-
tion tools.  
1.2 Approach 
Uniaxial Tensile Tests will be employed in order to optimize the en-
gineered allograft in terms of decellularization medium and treatment 
duration with respect to the chemical treatment effects on the mechan-
ical behavior of the tissue. Together with the experimental analysis, ef-
forts will be made to identify the more correct stress-strain formulation 
for the reliable identification of faithful mechanical parameters, while 
maintaining a simple experimental set-up. The stress-strain curves ob-
tained by this first investigation will be used for the implementation and 
validation of linear and nonlinear computational models. The set-up will 
be then employed in the study of the impact of a standard preservation 
method on the mechanical properties of dermis comparing results with 
the native dermis ones.  
Next, the optimized acellular allograft will be subjected to loads 
which mimics the surgical procedure and the immediate post-operative 
period, performing suture retention strength tests and equibiaxial test-
ing. The latter will be made possible by the design and realization of a 
low-cost biaxial conversion device for a uniaxial testing machine. The 
effectiveness of the device design will be pre-emptively validated by 
means of experimental tests and computational analysis. 
1.3 Background  
Acellular dermal matrices (ADMs) are a class of scaffold which is 
employed in the augmentation and replacement of deficient or missing 
soft tissues. They are divided into three families: biological, which are 
derived from human, animal or plant origin; synthetic, which are derived 
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from manmade materials; composite, which are derived from a mix of 
biological and manmade materials (Harding, et al., 2010). Historically, 
most ADMs have been harvested from the superficial (papillary) dermis 
just beneath the epidermis. The papillary dermis has a denser and more 
organized collagen arrangement when compared with the deeper reticu-
lar dermis. However, several newer ADMs are specifically harvested from 
this deeper layer, because of its higher flexibility. Moreover this skin 
layer is potentially more conducive to ingrowth. 
The acellular dermal matrix engineered in this study has the human 
reticular dermis as a starting biological material.  
Dermis strips unfit for transplantation were used for these research 
after the approval of the Institutional Ethical Board of Azienda 
Ospedaliera Universitaria Città della Salute e della Scienza of Turin, 
Italy, (approved on January 23rd, 2012 with protocol number 0006730), 
and written informed consent was obtained from all study participants. 
1.3.1 Dermis structure 
The skin is the largest organ of the body and it works as a physical 
barrier to loss of water and electrolytes, as a mechanical barrier to ex-
ternal agents and as a thermoregulator. Moreover, its functions include 
the transduction of signals from the environment such as touch, pressure 
and temperature (Ambrosio, et al., 2002).  
The skin is a multilayered and highly organized thin membrane, or-
ganized in four principal types of tissues: the epidermis, the dermis, the 
basement membrane, and the sub cutis (Figure 1.1). The outermost 
layer, the epidermis, is a 0.1-mm-thick continuous sheet, perforated only 
at the pores of sweat glands and by the hair follicles. It consists of epi-
thelial tissue in which the cells are tightly packed together providing a 
barrier between the inside of the body and the outside world.  
The dermis is the structure beneath the epidermis, and the two are 
separated by the basal membrane. The latter is an approximately 20-
nm-thick multilayered membrane, which is responsible for adherence be-
tween the epidermis and the dermis and for the mechanical support of 
the epidermis. 
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Figure 1.1 Structure of skin 
The dermis is a 2-5-mm-thick layer of vascularized and innervated 
connective tissue with few cells, mainly fibroblasts. It consists of three 
layers (Figure 1.2): 
Papillary layer: The dermal area that project into the intervals be-
tween the epidermal ridges. 
Sub papillary layer: The area underlying the epidermis, containing 
the same components as the papillary layer. 
Reticular layer: The largest part of the dermis with a dense connec-
tive tissue comprising fiber components. (Shimizu, 2007) 
 
Figure 1.2 Structure of dermis 
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The lower part comes into contact with the sub cutis, which is 0.4-4 
mm in thickness and comprises loose areolar connective tissue and fat. 
The dermis in most responsible for the mechanical performance of the 
skin. As a consequence particular attention should be paid to its struc-
ture. 
The major components mainly consist of collagen fibers (Type I and 
Type III), with smaller amounts of elastic fibers, reticular fibers and 
matrix. This matrix generally comprises the extra-cellular matrix and 
ground substance made up of proteoglycans and gelatin. Fibroblasts, 
macrophages, mast cells, plasma cells, vascular channels and nerves are 
common cellular components. 
Collagen makes up over 75% of dry fat weight of the skin. Collagen 
bundles (2-15 μm in diameter) are densely interwoven in the reticular 
dermis upper layers, with a meshwork of thicker elastin fibers, and a 
lesser content of interfibrillar ground substance components. The colla-
gen fibrous components is poorly extensible; however, it is extremely 
tough and resistant to tension parallel to the fibers. 
The elastic fiber (1-3 μm in diameter) is not as tough as the collagen 
fiber; however it is extremely elastic. In the reticular layers, elastic fibers 
are scattered among collagen bundles running parallel to the skin sur-
face. 
1.3.2 Dermal substitutes 
Dermal substitutes, taken from multi-organ donors, are the most 
suitable replacement integumentary for reconstructive surgery and the 
utility of ADMs continues to evolve. While originally developed as a 
dermal replacement scaffold, minimizing the morbidity of skin harvests, 
new generations of ADMs are now used to replace and augment missing 
and deficient soft tissue in the reconstruction of the head and neck, 
breast and abdominal wall (Carlsson, et al., 2016). 
They are typically derived by processes that involve decellularization 
of tissues (Crapo, et al., 2011). The goal of a decellularization protocol 
is to efficiently remove all cellular and nuclear material while minimizing 
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any adverse effect on the composition, biological activity, and mechani-
cal integrity of the remaining ECM. The most commonly utilized meth-
ods for the tissues decellularization involve a combination of physical 
and chemical treatments. These methods disrupt the cell membrane, re-
lease cell contents, and facilitate subsequent rinsing and removal of the 
cell contents from the ECM. These physical treatments are generally 
insufficient to achieve complete decellularization and must be combined 
with a chemical treatment. The intent of most decellularization processes 
is to minimize the ECM disruption and thus retain native mechanical 
properties of the tissue. 
The effectiveness of decellularization and the alterations to the ECM 
vary depending on the source, composition and density of the tissue. 
However, it is unlikely that any combination of methods will remove 
100% of all cell components, but it seems apparent that methods which 
remove most of the visible cellular material result in biologic scaffold 
materials that are safe for implantation (Gilbert, et al., 2006). 
Dermal substitutes can be derived from human skin, removing all 
cells and hairs, so that the structure of the collagen and elastin fibers is 
preserved. ADMs manufacturing methods need therefore to preserve the 
mechanical characteristics of the tissue, in order to maintain a structur-
ally intact natural three-dimensional extracellular matrix able to inte-
grate into the host tissue, but also need to produce a tissue as free as 
possible of potentially immunogenic antigens.  
The preservation treatment is the other process involved in the pro-
duction of substitutes. The most common preservation methods used for 
skin dermo-epidermal allografts are cryopreservation and glycerolisation. 
The latter is a simple and cost-effective method to produce non-viable 
but intact skin grafts that can be used as biological dressing or as tem-
porary coverage on excised burns. Human skin allografts preserved in 
85% glycerol have been produced by the Euro Skin Bank (formerly the 
Dutch National Skin Bank) since the early 1980s. Allografts preserved 
in glycerol have a number of advantages: storage at 4°C provides a long 
shelf-life; microscopic morphology is well-preserved; GPA appear to be 
less antigenic than the cryopreserved equivalent; there is evidence that 
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viruses and bacteria present in allografts preserved in 85% glycerol will 
be eliminated. On the other hand, GPAs are non-viable and there is a 
perception that these allografts take less readily to the freshly excised 
wound bed than viable equivalents (Mackie, 2002).  
Commercially available HADMs are structurally composed by the 
entire dermal layer. In the present research only reticular dermis has 
been use, preserved by means of glycerol in order to obtain dermal grafts 
suitable for clinical use. In fact, reticular dermis is relatively poor in 
cellularity and shows a strong mechanical resistance, if compared with 
sub-papillary dermis. However, decellularization remains a mandatory 
step for ADMs production, in order to obtain a non-immunogenic ma-
trix. 
1.3.3 Clinical applications 
As the understating of the biological characteristics of dermis in-
creases, the indications for its use evolve and expand. Initially ADMs 
were utilized in skin replacement therapies for burn patients. Soon after, 
the usage of ADMs evolved into other applications, but it must remem-
bered that the acellular dermal grafts were originally developed for use 
in the treatment of full-thickness burns, because of their not immuno-
genic response, handling, long shelf-life and expedite healing. 
Recently it found application in the repair of oral mucosal presenting 
very high success rates and avoiding any immunologic reactions and in-
fections (Shi, et al., 2012). The ADM use in this application, similar to 
the skin coverage, requires the same mechanism of incorporation and the 
same uncritical requisites in terms of mechanical response.  
The high strength applications are born and raised in the last two 
decades. For instance, the use of ADMs in breast surgery began in 2001 
(Duncan, 2001) and the first published application of ADM use in breast 
reconstruction came in 2005 (Breuing & Warren, 2005). This initial pub-
lications started the ADM use in breast surgery, making it one of the 
most popular applications. Uses in the hernia repair are reported, in 
substitution of the mesh materials which results in high incidence of 
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mesh infections and adhesion formation. ADMs have therefore been pro-
posed  as an alternative because of its lower rates of infection and break-
down (Garvey, et al., 2014). In this case, the strength of the hernia repair 
is mandatory to a successful outcome, and similar requisite is desired in 
applications such as the repair of rotator cuff tears (Barber, et al., 2008; 
Burkhead , et al., 2007; Snyder & Bond, 2007; Wong, et al., 2010), during 
which the dermal matrix is typically used to provide biomechanical 
strength as well as to support directed healing, and the Achilles tendon 
augmentation (Lee, 2007; Barber, et al., 2006), where ADM is used as 
an augmentation graft which facilitate the end-to-end anastomosis. 
Hence, dependent on the intended use, the biomechanical response of 
ADMs may be of clinical significance, especially in potentially load bear-
ing applications (Moore, et al., 2015).  
1.3.4 Mechanical properties 
The mechanical properties of the dermis are dependent on the relative 
composition on the ECM components and the organization of the colla-
gen and elastin. 
 
Figure 1.3 Stress-strain response for elastin (Fung, 1993) 
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Elastin is the most “linearly” elastic biosolid material known. Consid-
ering the stress-strain relationship, the loading curve is almost a straight 
line (Figure 1.3). Loading and unloading do lead to two different curves, 
showing the existence of an energy dissipation mechanism in the mate-
rial, but the difference is small (Fung, 1993). 
Collagen is the main load carrying element in dermis. The mechanical 
properties of collagen are therefore very important to biomechanics. 
Type I collagen is virtually ubiquitous in distribution, and with type III 
collagen is a major constituent of dermis. Depending on how the fibers, 
cells, and ground substance are organized into a structure, the mechan-
ical properties of tissue vary. The structure of collagen fibers in the der-
mis must be considered as a three-dimensional network of fibrils, alt-
hough the predominant fiber direction is parallel to the surface. How-
ever, in order to prevent out-of-plane shearing, some fiber orientations 
also have components out-of-plane (Holzapfel, 2001). These fibers are 
woven into a more or less rhombic parallelogram pattern, which allows 
considerable deformation without requiring elongation of the individual 
fibers. 
When considering the skin as a whole, incorporating the three layers, 
it can be described as anisotropic, viscoelastic, nonlinear (Fung, 1993), 
and non-homogenous, resulting in an ability to endure large defor-
mations. Due to the viscoelastic properties, under cyclic loads the stress-
strain relationship continuously alters until a steady state is reached. 
This phenomenon is known as preconditioning (Liu & Yeung, 2008). 
Moreover, the skin in vivo is forced by a pre-stress of different degrees 
all over the body (Jacquet, et al., 2008; Alexander & Cook, 1977). 
The overall mechanical response of skin tissue under applied tension 
can be divided into three main phases, shown in Figure 1.4. 
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Figure 1.4 Schematic diagram of a typical (tensile) stress-strain curve for skin 
showing the associated collagen fibre morphology (Holzapfel, 2001). 
Phase I illustrates great extension at low load and modulus as the 
dermal fibrils re-orientate towards the load axis. Unstretched skin be-
haves approximately isotropically. Phase II shows a gradual increase of 
the module. The collagen fibers tend to line up with the load direction 
and bear loads. The crimped collagen fibers gradually elongate and they 
interact with the hydrated matrix. Phase III is characterized by high 
tensile stresses. The crimp patterns disappear and the collagen fibers 
become straighter. The straightened collagen fibers resist the load 
strongly and the tissue becomes stiff at higher stresses, while the stress-
strain relation becomes linear again. Beyond the third phase the ultimate 
tensile strength is reached, culminating in the complete failure of the 
fibrils (Holzapfel, 2001). 
The influence of the collagen fibrils on the biomechanical properties 
of dermal tissue have been examined by altering fibril diameter and den-
sity (Sanders & Goldstein, 2001), together with the properties of the 
individual collagen fibrils themselves (Parkinson, et al., 1997; Wenger, 
et al., 2007). Instead, dermal elastin fibrils contribute to the mechanical 
response only at low loads and during tissue recoil. 
The stress-strain curve depicted in Figure 1.4 is the output of a typ-
ical uniaxial tensile test. This test however is not sufficient alone to 
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determine multi-dimensional material models. Ideally, testing of dermis 
should involve planar biaxial tests with an in-plane shear, and separate 
through-thickness shear tests (Nì Annaidh, et al., 2012a). 
1.3.5 Langer’s lines 
Langer's lines, sometimes called cleavage lines, are topological lines 
drawn on a map of the human body which correspond to the natural 
orientation of collagen fibres in the dermis (Physiology, 2015). These 
lines were first described in 1861 by Karl Langer, who punctured numer-
ous holes at short distances into the skin of a cadaver with a circular-
shaped tip noticing that the resultant holes in the skin had ellipsoidal 
shapes (Langer, 1978). Skin mechanical behaviour analysed through ten-
sile tests suggested in the following years that the skin deformation re-
sponse is dependent upon specimen orientation with respect to the 
Langer’s Lines.  
 
Figure 1.5 Effect of specimen orientation. A=specimen taken parallel to cranio-
caudal axis; B=specimen taken perpendicular to the cranio-caudal axis (Daly, 1982). 
In 1966 Ridge & Wright performed tensile tests on cadavers to in-
vestigate the directional properties of skin (Ridge & Wright, 1966). They 
stated that, on extension, the specimen taken along Langer’s lines ex-
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tended only a small amount before all fibres become orientated and par-
allel to each other, while the specimen taken across Langer’s lines ex-
tended considerably before the fibres become oriented. A couple of dec-
ades later, Daly presented the characteristic stress-strain curves for the 
abdomen skin describing the effects of specimen orientation (Figure 1.5). 
He confirmed the lower deformation of specimens taken perpendicular to 
the cranio-caudal direction, which in the abdomen region corresponds to 
the Langer’s line direction (Langer, 1978). 
The anisotropic mechanical properties of skin in vitro was recently 
thoroughly analyzed by Nì Annaidh, who investigated the influence of 
location and orientation on the deformation characteristic of excised hu-
man skin. He found a significant effect of the orientation of the Langer’s 
lines on the ultimate tensile stress (UTS) and the elastic modulus of skin 
subjected to uniaxial tensile test. In particular, the UTS and the elastic 
modulus were found to be higher in specimens taken parallel to the 
Langer’s lines (Nì Annaidh, et al., 2012a). 
1.4 Purpose 
The work presented in this dissertation shows the efforts to explore 
the mechanical properties of ex vivo human dermis in vitro and in silico 
developing protocols for easy-to-implement but effective uniaxial and bi-
axial experimental tests. Uniaxial methods are exploited for the engi-
neering of an acellular dermal allograft, identifying decellularization 
parameters including the effects due to medium type and treatment 
duration. This tests are performed on native and treated human der-
mis, decellularized for 1 to 7 weeks with two different decellulariza-
tion mediums. The obtained allograft is then characterized using both 
experimental and computational method to investigate the mechanical 
response of the ADM to diverse stimuli mimicking the in vivo defor-
mation state.  
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This study represents an advancement of biomaterial science in the 
field of mechanical characterization of soft materials with specific appli-
cations towards medical science. 
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 Optimization of decellularization parameters 
through the ex-vivo mechanical characterization 
of the dermis 
2.1 Preface 
A version of this study was published in the peer-reviewed journal 
“Medical Engineering and Physics” (available online 17 March 2016) un-
der the title, “Dermis mechanical behaviour after different cell removal 
treatments” by Terzini M., Bignardi C., Castagnoli C., Cambieri I., Zan-
etti E.M., Audenino A.L. 
2.2 Introduction 
Engineered skin substitutes have a significant medical practice for 
patients with extensive burn wounds (Sanders, et al., 2014). Advances 
in tissue engineering suggest that skin substitutes will be indistinguish-
able from the normal skin in the near future (Sun, et al., 2014). However, 
current skin substitutes do not restore the full native skin physiology 
because they lack some components such as hair follicles, sebaceous 
glands and sweat glands (Sun, et al., 2014). Additionally, the engineered 
Chapter 2 
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tissue cannot faithfully replicate the mechanical properties of the native 
skin (Sanders, et al., 2014). 
Currently, alloplastic material and skin allografts, taken from multi-
organ donors, are the most suitable integumentary replacement for re-
constructive surgery (Wong & Chang, 2009). The immune response to 
allograft skin is directed primarily against epidermal, endothelial and 
fibroblast cells in the dermis, while the non-cellular component of the 
dermis (extracellular matrix) has been demonstrated to be relatively 
non-immunogenic (Badylak, et al., 2015). Glycerolised acellular allo-
plastic human dermis (HADM) is used as a matrix for various recon-
structive plastic purposes, where it retains almost all of the healthy der-
mal properties: it is compact and elastic, can be taken into the bed 
wound, and it retains the intact tissue morphology (Deeken, et al., 2012). 
Different treatments can be used for tissue decellularization (Crapo, 
et al., 2011). Commonly, a low concentration of NaOH has been used for 
this aim. The result of this technique is a reliably decellularized matrix. 
However, surgeons report that this matrix is inferior with reference to 
handling, ease of use, elasticity and needle penetration resistance. Addi-
tionally, decellularization using sodium hydroxide implies the direct con-
tact of the tissue with an aggressive chemical agent, which must neces-
sarily be neutralized by means of incubation in 0.1 N HCl at the end of 
the decellularization phase. These are the reasons why, in recent times, 
our research unit has developed an alternative procedure that aims to 
overcome these limitations. The new methodology consists of keeping 
the tissue in DMEM (Dulbecco's modified Eagle medium) for a long 
period of time (several weeks) while being subjected to mechanical action 
(tilting). From a biological point of view, the efficiency of the different 
treatments can be verified by means of an immunohistochemistry anal-
ysis, but the preservation of the main mechanical properties of the native 
dermis also needs to be checked (Butler, et al., 2000).  
The aim of this work is to evaluate the mechanical properties of tis-
sue subjected to decellularization treatments varying by type and length 
to establish the best compromise between a reliably complete decellular-
ization and adequate mechanical properties.  
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The mechanical properties here analysed are the elastic modulus and 
the ultimate load and strain (Nì Annaidh, et al., 2012a), considering that 
repaired full-thickness burn wounds may be subject to loss due to dermal 
substitute deficiencies in tensile strength and elasticity (Sanders, et al., 
2014) and the requirements of soft-tissue augmentation procedures like 
rotator cuff (Moore, et al., 2015) 
The dermis provides a major contribution to the overall mechanical 
characteristics of the skin due to its main constituents, collagen and 
elastin fibrils, which allow high levels of deformation and flexibility as 
the fibrils stretch and re-orientate (Sanders, 1973). Collagen fibres are 
crimped and almost inactive at low strains, while they play a major role 
at high deformations (where they are stiffer than elastin by approxi-
mately three orders of magnitude (Nì Annaidh, et al., 2012a)). The skin 
is anisotropic due to the variable orientation of collagen fibres, with a 
prevalence along the orientation of the so-called Langer’ s lines (Nì 
Annaidh, et al., 2012a). The dermis can therefore be described as an 
anisotropic, viscoelastic, nonlinear (Fung, 1993) and non-homogenous 
material.  
The tensile test is the most widely used mechanical test performed 
on ex vivo skin specimens. Using this method, the anisotropic, non-linear 
and viscoelastic behaviours of skin have been explored, as well as its 
failure properties (Pereira, et al., 1997), creep (Del Prete, et al., 2004), 
fatigue (Muñoz, et al., 2008) and preconditioning behavior (Liu & 
Yeung, 2006). This test is here being used to assess changes in the bio-
mechanical behavior produced by alterations of the dermis structure, 
similarly to the approach followed by those authors who studied varia-
tions in the collagen content (Del Prete, et al., 2004) or elastin and pro-
teoglycans contents (Eshel & Lanir, 2001).  
Due to section narrowing taking place during the specimen loading, 
different formulations of stress in mechanical tests can produce different 
results: these are the so called ‘nominal’ or ‘engineering values’; their 
respective ‘true’ values can be obtained from engineering values under 
specific assumptions such as volume constancy (Jacquemoud, et al., 
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2007; Khanafer, et al., 2013). As true values provide the most faithful 
representation of the material properties, their estimation requires a 
complex and demanding experimental set up. This work is also an at-
tempt to quantify differences among these expressions and their limits, 
establishing if they can or cannot be used for tissue characterization 
and/or to make comparisons among decellularization treatments. 
2.3 Materials and Methods 
2.3.1 Specimens 
Strips of dermis tissue, collected from the backs of human donors, 
were dissected along the cranio-caudal direction. They were decellular-
ized using two different methods based on incubation in 0.06 N NaOH 
or DMEM for 1 to 7 weeks (Ferrando, et al., 2016). Immunohistochem-
istry has been performed for all treatments to verify the decellulariza-
tion, according to the following procedure. Biopsy samples were washed 
in physiological solution, fixed in 4% neutral-buffered formalin and em-
bedded in formalin by routine processing (FFPE). FFPE samples were 
sectioned at a thickness of 2-3 µm for immunohistochemistry reactions, 
and immunohistochemistry was performed using an automated slide-pro-
cessing platform (Ventana BenchMarckXT Autostainer, Ventana Medi-
cal Systems, Tucson, AZ, USA). HADMs, preserved at 85% glycerol in 
a 4°C refrigerator were used for these experiments. Before use, the der-
mis grafts were washed to remove all of the glycerol, dipping them se-
quentially in three different beakers filled with abundant saline solution 
0.9% at +37°C for more than three minutes each, as prescribed by the 
Euro Skin Bank (Euro Tissue Bank, 2011). The specimens were obtained 
by cutting out approximately 2x4-mm strips along the cranio-caudal 
(CC) and medio-lateral (ML) directions using a custom made die cutter; 
this cutting method avoids generating notches and defects that could 
bias tests. The resulting specimen sizes were measured by means of pho-
togrammetry before mechanical testing: 4.33±0.57-mm width, 2.21±0.32-
mm thickness, 10.10±0.38-mm length (average ± std). On the whole, 
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there were 3– 4 specimens (depending on the original strip size and 
shape) for each combination of decellularization method (NaOH or 
DMEM), duration (called ‘Tx’ in the following, where x represents the 
number of weeks of incubation) and cut orientation (CC or ML), for a 
total 96 specimens. Intact human dermis was used as a control (called 
‘T0’ in the following, as it did not undergo any decellularization treat-
ment). 
2.3.2 Photogrammetry set-up 
Two different photographic set-ups have been developed to measure 
the specimens. The first was finalized to measure the specimens size at 
rest and was made of a full-frame digital camera (Canon EOS 5D Mark 
II) with an autofocus lens for macro photography (Canon EF 100 mm 
f/2.8 Macro USM), a camera stand with two light stands, and a tripod. 
A second set-up was developed to follow tensile tests; it included the 
previously described digital camera as well as a second digital single-lens 
reflex camera (Canon EOS 400D). When the two cameras were triggered, 
they acquired the frontal and lateral views of the specimen through a 
remote capture software (DSLR Remote Pro). The width and the thick-
ness of the specimens were measured using the image analysis software 
ImageJ (National Institutes of Health, Bethesda, Maryland, U.S.) as an 
average of five different measurements, reaching a 0.01 mm/pixel meas-
urement resolution given a 21.0 MP image (5616x3744 pixels). 
2.3.3 Mechanical tests 
Samples were subjected to uniaxial tensile tests along both the cra-
nio-caudal and medio-lateral directions to quantify the influence of the 
chemical treatment on the dermis tissue’s biomechanical behaviour. 
Testing parameters have been set according to the physiological loads, 
the expected tissue behaviour, and the Bose Electroforce® features. For 
example, the strain rate could reach very high values in reality due to 
impact forces, but the characteristics of the material are strain rate de-
pendent (Arumugam, et al., 1994), and the test speed had to be limited 
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to 3.2%/s so as not to exceed the load cell range and risking rupture. 
The specimen length also had to be chosen considering the physiologic 
peak strain (over 100%) and the machine stroke (±6 mm), together with 
the limited sample extension; these considerations led to the selection of 
a 10 mm specimen length. The specimens were clamped by titanium 
machine grips that were specifically developed for biomaterials and have 
knurled-flat faces to prevent slipping. The analysis of the video record-
ings demonstrates that there were neither anomalous behaviours nor fail-
ures near the clamps. Sliding through the testing grips was excluded, 
too, as no abrupt increase or decrease was detected in the experimental 
curves. No marks were observed on the specimen ends, and the extension 
of the grasped ends was found to be unchanged. Up to the instant pre-
ceding the tensile test, all specimens were kept hydrated in physiological 
solution; no additional hydration was carried out during the test due to 
the absence of a thermostatic bath. This was not judged to be a major 
shortcoming because the tests lasted less than one minute. Specimens 
were constrained to the Bose Electroforce® testing machine, clamping 
their ends along the longitudinal direction.  
No preconditioning cycles were performed because the dermal tissue 
is a bi-phasic structure, like most soft tissues, and preconditioning has 
been demonstrated to significantly influence the mechanical response of 
these tissues. Slow viscoelastic phenomena related to fluid flow initiate 
starting from the very first loading cycles, so the final mechanical prop-
erties would depend on the pre-conditioning protocol (Hosseini, et al., 
2014).  
The testing room temperature was 20°C, while the humidity ranged 
between 40 and 65%. The displacement was set equal to zero when a 
0.05N force was recorded. 
Rupture tensile tests were performed for all samples in displacement 
control at a strain rate of 0.032 s-1. The initial gap between the grips was 
5 mm. 
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2.3.4 Data Elaboration  
The results of rupture tests on soft tissues are often reported in terms 
of ‘engineering’ stress and strain in the literature, with a few exceptions 
where the specimen section is monitored during tests, and the strain 
distribution is assessed by full-field techniques (Jacquemoud, et al., 2007; 
Bel-Brunon, et al., 2014). In this work, the engineering and true values 
have been calculated, as detailed in the following. 
The ‘engineering curve’ is obtained by ignoring the narrowing of the 
section during the elongation of the sample and referring always to the 
initial specimen length. The engineering stress e is therefore calculated 
by dividing the force F by the unloaded-cross sectional area A0 of the 
specimen; the engineering strain e is expressed as the change in length 
ΔL per unit of the original length L0. It should be emphasised that the 
measurement of the engineering strain would require a dog-bone shaped 
specimen and a calibrated length whose elongation is monitored, while a 
rectangular specimen has been here used and its elongation has been 
evaluated on the basis of the clamp-to-clamp displacement; this was not 
considered a hard limitation due to the high compliance of the tissue, 
which ‘homogenises’ the stress field (see, for example, the work of Taylor 
et al. on crack propagation (Taylor, et al., 2012)). The engineering elastic 
modulus (Ee) has been calculated from the linear portion of the stress-
strain curve (Nì Annaidh, et al., 2012a), which is the so-called ‘linear 
region’ where collagen chains are stretched (Fung, 1993; Özkaya, et al., 
2012): curve data were locally derived with a moving average linear re-
gression, and the constant trend of the derived curve was considered. 
The true stress t is the ratio between the force and the minimum 
section Amin; it is approximately coincident with the engineering curve, 
up to the strain where section narrowing becomes conspicuous. The true 
curve can be obtained by monitoring the neck area during the tensile 
test: the history of the section variation Amin(t) needs to be acquired, 
monitoring both the specimen width bmin(t) and thickness smin(t) at the 
neck region. In the literature, an alternative expression for the true stress 
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is often used, which relies on the hypothesis of a null variation of the 
specimen volume (Silver, et al., 2001): this expression is simpler to be 
implemented because it requires only the estimation of the real-time 
specimen length (like for the engineering curve). The respective value st 
will be called the ‘simplified true’ stress, and it can be obtained from the 
engineering curve by analytical transformations (𝜎𝑠𝑡 = 𝜎𝑒(1 + 𝜀𝑒)). The 
corresponding ‘simplified true’ elastic modulus Est can be calculated on 
st/e curves. 
The evaluation of the true elastic modulus Et has been performed on 
the basis of the acquired force and displacement signals and of the spec-
imen shape; given a certain force F, the specimen volume can be divided 
axially into infinitesimal portions dy  whose section is A(y,F). Therefore, 
the whole specimen elongation sab in the linear portion of the force/dis-
placement curve (A, B, Figure 2.1) can be expressed as 
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Equation 2.1 
where the elastic modulus has been considered to be linear (inde-
pendent of the force level) and constant all over the specimen, as it 
should be in the above-mentioned ‘linear elastic region’. This formula 
could not be used up to the failure region (to obtain the true ultimate 
strain, for example). The ‘true’ Young’s modulus can be so derived: 
𝐸𝑡 =
∫ [∫
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𝛥𝑠𝑎𝑏
 
Equation 2.2 
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The numerator requires the knowledge of the section variation for 
each force step, and at different quotes (y), and it can be estimated 
thanks to the photogrammetry set up. 
A number of descriptive parameters can be so obtained: the ultimate 
tensile strength (UTS, UTSt, UTSst), the ultimate deformation (εUTS,e), 
and the elastic modulus (Ee, Est, Et). True values have been calculated 
only for those decellularization treatments that produced ‘engineering’ 
and ‘simplified true’ mechanical properties similar to those of the native 
dermis (p<0.05, Tukey-Kramer test, as detailed in the following). 
2.3.5 Statistical analysis 
The mechanical properties of the dermis were reported in relation to 
the testing direction (CC or ML), the type of decellularization treatment 
(called NaOH or DMEM in the following), and the duration of the treat-
ments (from 0 to 7 weeks at 1 week steps, called T0, T1 …. T7 in the 
following). The statistical analysis of the experimental results was car-
ried out using a multivariate analysis of variance (Matlab function ‘ano-
van’), followed by a Tukey–Kramer post hoc test, after having tested 
the normality of the statistical distribution of all parameters by the 
Lilliefors test function. Significance levels were set to p < 0.05 for all 
tests. 
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Figure 2.1 (Up) An interpolated engineering stress-strain curve, its descriptive pa-
rameters, and specimen images. (Down) Experimental stress strain curves, where point 
‘U’ represents the average ultimate strain/stress point with its standard deviations; a) 
DMEM, T6, ML direction; b) DMEM, T6, CC direction; c) NaOH, T6, ML direction; 
d) NaOH, T6, CC direction. 
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2.4 Results 
The analysis of video recordings demonstrated that there were nei-
ther anomalous behaviours nor failures near clamps; therefore, all ac-
quired data have been elaborated. 
Figure 2.2 shows typical stress/strain curves for the engineering, sim-
plified true and true formulations. Dealing with the ultimate stress (Fig-
ure 2.3-2.4), the engineering stress leads to underestimate the UTS by 
up to -71% and the elastic modulus by up to -84%. The simplified true 
stress would underestimate the UTS by up to -44%.  
 
 
Figure 2.2 Engineering, simplified true, and true formulation curves; a) DMEM, 
T6, ML direction; b) DMEM, T6, CC direction; c) NaOH, T6, ML direction; d) NaOH, 
T6, CC direction. 
The error coming from the simplified true stress evaluation demon-
strates how the hypothesis that the section variation is inversely propor-
tional to the longitudinal strain (equivalent to the ‘constant volume’ hy-
pothesis for small deformations) does not hold: this is not surprising 
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because in the literature, both analytical and experimental demonstra-
tions of the soft tissue volume variation during tensile tests can be found 
(Adeeb, et al., 2004; Reese, et al., 2010). 
All sample properties are shown to be normally distributed, accord-
ing to the Lilliefors test (p<0.05), so the following variance analysis could 
be performed.  
The results of the analysis of variance are shown in Table 2.1: the 
type of treatment, its duration, and the specimen orientation are all 
significant factors, as is their interaction (p<0.05), with the only excep-
tion of the specimen orientation for the ultimate strain. The T0 mechan-
ical behaviour along the CC direction is significantly stiffer compared to 
that in the ML direction, and the mechanical strength is higher (+77.1% 
Ee, +46.6% UTSe, -16.1% UTS,e, Figure 2.3-2.4). DMEM treatment is 
generally less aggressive than NaOH treatment (Figure 2.3-2.4), and the 
mechanical properties do not vary monotonously over the treatment 
length (Figure 2.3-2.4). 
A more detailed statistical analysis has been undertaken to establish 
which factor levels produced significantly different results compared to 
reference groups (respectively, T0-CC and T0-ML) by means of Tukey-
Kramer tests, aiming to identify the best treatment type and duration 
as the combination producing the results most similar to those of native 
tissue. Looking at Figure 2.3-2.5 only minor differences exist between 
the ‘engineering’ and ‘simplified true’ formulation results, and some gen-
eral conclusions could be drawn. The tissue properties along the CC 
direction significantly degrade (lower UTS and E) for all treatments and 
durations, with UTS,e being the only mechanical property that is not 
affected significantly.  
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Figure 2.3 UTS values obtained from engineering, simplified true, and true formu-
lations for different decellularization treatments. Left side (grey background): results 
obtained along CC direction; right side (white background): results obtained along ML 
direction 
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Figure 2.4 Engineering strain corresponding to the ultimate stress for different de-
cellularization treatments. Left side (grey background): results obtained along CC di-
rection; right side (white background): results obtained along ML direction 
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Figure 2.5 Elastic modulus values for different decellularization treatments. Left 
side (grey background): results obtained along CC direction; right side (white back-
ground): results obtained along ML direction 
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Table 2.1 Anova results for the ultimate stress, ultimate strain and elastic modu-
lus with reference to the engineering formulation. Boldface characters are used to high-
light factors that are not significant (p > 0.05). 
Ultimate Stress 
Source Sum Sq. DOF Mean Sq. F p 
Treatment 30.90 1 30.90 128.22 6.28E-17 
Orientation 11.00 1 11.00 45.67 4.94E-09 
Duration 257.24 7 36.75 152.50 2.08E-37 
Treatment*Orienta-
tion 
12.04 1 12.04 49.97 1.41E-09 
Treatment*Duration 13.57 7 1.94 8.05 5.45E-07 
Orientation*Dura-
tion 
64.42 7 9.20 38.19 1.67E-20 
Error 15.42 64 0.24   
Total 421.99 95    
     
Ultimate Strain  
Source Sum Sq. DOF Mean Sq. F p 
Treatment 0.37 1 0.37 40.22 2.61E-08 
Orientation 0.00 1 0.00 0.27 6.05E-01 
Duration 0.45 7 0.07 7.00 3.42E-06 
Treatment*Orienta-
tion 
0.06 1 0.06 6.73 1.17E-02 
Treatment*Duration 0.76 7 0.11 11.80 1.52E-09 
Orientation*Dura-
tion 
0.44 7 0.06 6.86 4.40E-06 
Error 0.59 64 0.01   
Total 2.94 95    
     
Elastic Modulus     
Source Sum Sq. DOF Mean Sq. F p 
Treatment 318.03 1 318.03 108.72 1.98E-15 
Orientation 98.80 1 98.80 33.77 2.13E-07 
Duration 748.22 7 106.89 36.54 5.10E-20 
Treatment*Orienta-
tion 
44.72 1 44.72 15.29 2.25E-04 
Treatment*Duration 295.62 7 42.23 14.44 4.16E-11 
Orientation*Dura-
tion 
578.59 7 82.66 28.26 2.67E-17 
Error 187.22 64 2.93   
Total 2386.48 95    
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In the ML direction, T0, DMEM T5, DMEM T6, DMEM T7, and 
NaOH T5 produce similar mechanical properties, according to both the 
engineering and simplified true formulations. These same treatments 
have been further investigated to assess if the true stress formulation 
would lead to the same conclusions. DMEM T5, DMEM T5, NaOH T5, 
and, partly NaOH T6 (assuming p=0.03) still produced mechanical 
properties close to those of native tissue for samples cut along the ML 
direction. Native specimens cut along the CC direction continued to 
show a higher elastic modulus Et and UTSt; no treatment for any dura-
tion could preserve these properties.  
2.5 Discussion 
The native skin from which the HADM scaffold is prepared must be 
mechanically or physically separated from unwanted tissue and cell 
structures, and this processing step could alter the integrity and the 
architecture of the matrix and, in turn, influence the mechanical and 
material properties of the matrix. The efficiency of cell removal from a 
tissue is dependent on the origin of the tissue and the specific physical, 
chemical, and enzymatic methods that are used (Chen, et al., 2004). A 
similar consideration holds for the mechanical properties of the scaffold, 
as demonstrated in this work. 
Experimental tests were performed at 20°C, so the measured proper-
ties cannot be immediately converted to physiological properties at 37°C. 
The reason for this choice is the simplification of the experimental set 
up and being able to compare these results with most works in the liter-
ature in which mechanical tests have been carried out at ‘room temper-
ature’ (Nì Annaidh, et al., 2012a; Sanders, 1973; Muñoz, et al., 2008; 
Jacquemoud, et al., 2007; Khanafer, et al., 2013; Li, et al., 2013; Nì 
Annaidh, et al., 2012b). The results of the experimental tests were com-
pared, assuming a perfectly uniaxial loading condition and a uniform 
distribution of collagen fibres. This is a limit in the present experimental 
set up, as the specimen is rectangular and its contraction is not allowed 
at the machine clamps, so the uniaxial stress hypothesis is not verified 
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at the specimen ends. Using dog-bone shaped specimens would not com-
pletely solve this issue: in the case of longitudinal samples with most 
collagen fibres oriented axially, it would make no difference because the 
interrupted fibres (those placed more laterally) would be inactive. 
Longer specimens would have minimised the influence of the clamped 
ends, but they would have limited the maximum strain because the em-
ployed loading machine allows 12 mm displacement at the most. Finally, 
it should be stressed that the notch sensitivity in soft tissues is very low 
(Taylor, et al., 2012), so a minor area on the specimen is likely to be 
affected by the clamps. Numerical tests confirmed these hypotheses 
(nonlinear analysis, with large displacements, see Chapter 5), but the 
full strain field should be experimentally acquired as a final validation. 
This is a quite demanding experimental set-up. Some authors are setting 
up systems based on digital image correlation (Bel-Brunon, et al., 2014); 
this is certainly a promising technique that deserves to be considered in 
future tests on biological tissues.  
Results have been here expressed through engineering, simplified true 
and true curves because the results of rupture tests for soft tissues have 
not always been reported in a standard manner in the literature 
(Khanafer, et al., 2013). Dealing with comparisons among different treat-
ment types and durations and sample directions, all three representa-
tions produced substantially similar results. 
A review of decellularization methods (Crapo, et al., 2011) agrees 
with the results here obtained regarding the NaOH cell removal treat-
ment. In fact, it stated that bases are harsh, so are commonly used to 
eliminate growth factors from the matrix, even though they decrease 
ECM mechanical properties more significantly than chemical and enzy-
matic agents. In this work, the NaOH treatment has been proven to 
weaken the mechanical properties of the tissue, especially with reference 
to the cranio-caudal direction. The primary mechanism by which bases 
such as sodium hydroxide reduce the mechanical properties is the cleav-
age of collagen fibrils and disruption of collagen crosslinks. Richters et 
al. (Richters, et al., 2008) evaluated a cost-effective method based on 
low concentrations of NaOH for the decellularization of human donor 
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skin preserved in 85% glycerol, and they found that a 6 week incubation 
period was optimal, as stated in the present work, while longer periods 
caused damage to the collagen fibres, although the elastin fibres ap-
peared to be well preserved, and this could explain the different behav-
iours observed along the cranio-caudal and medio-lateral directions. 
DMEM coupled to mechanical action has been used as a cell removal 
treatment for the first time in this work, so similar tests cannot be found 
in the literature. Other decellularization methods include a wide variety 
of chemicals, but if the chemicals remain within the tissue in high con-
centrations after treatment, they can potentially invoke an adverse im-
mune response by the host (see, for example, enzymes commonly derived 
from bovine sources such as DNase, RNase, and trypsin). Herein, one of 
the most simple decellularization methods was studied (long-term incu-
bation in culture medium), and preliminary immunohistochemical and 
histological results (Ferrando, et al., 2016) demonstrate the complete 
decellularization of the tissue. DMEM treatment has also proven to be 
more conservative with reference to the medio-lateral direction because 
the mechanical properties of specimens treated with DMEM are gener-
ally higher than those measured on specimens treated with NaOH for 
the same number of weeks.  
From a biological point of view, both DMEM and NaOH show, in 
the immunohistochemical evaluation, a good decellularization of grafts 
after only 4 weeks of treatment. However, the DMEM-treated samples 
exhibit better handling, greater flexibility and lower needle penetration 
resistance, according to surgeons ‘evaluations, and are therefore prefera-
ble. Additionally, the DMEM treatment avoids the use of chemical 
agents, as opposed to NaOH, which needs to be neutralized at the end 
of the decellularization process. Therefore, DMEM is less likely to pro-
duce inflammatory responses. 
The objective of this work was to set up a procedure to perform 
biomechanical comparisons among decellularization treatments; the 
complete quantification of the skin anisotropic behaviour would require 
a greater number of samples, from different donors, and biaxial testing 
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(see Chapter 7). This experimental set up can allow only the measure-
ment of the elastic modulus and failure properties along two reference 
orthogonal directions (parallel and perpendicular to the Langer’s lines 
(Nì Annaidh, et al., 2012a)). Nevertheless, in the following, a comparison 
with results obtained from other authors (Nì Annaidh, et al., 2012a; 
Yoder & Elliott, 2010; Edwards & Marks, 1995) is reported to verify the 
differences that exist and how they can be justified (Table 2.2). 
Nì Annaidh et al. (Nì Annaidh, et al., 2012a) reported force–displace-
ment curves for each tensile test performed and calculated the engineer-
ing stress and strain. Their standard deviations were much larger; the 
average coefficients of variation (ratios of the standard deviation to the 
mean) are up to 0.80 for UTS and 0.97 for E, against the values obtained 
in this work, 0.09 and 0.10, respectively, due to the number of specimens 
and the specimens having been taken from several donors (Table 2.2). 
The values calculated in this work are most similar to those obtained on 
the ‘lower back’ and are generally lower (up to -43% for UTS, up to -
46% for UTS, up to -68% for E) compared to those reported in (Nì 
Annaidh, et al., 2012a). This can be explained by the smaller size of the 
specimens, which results in more severe striction and consequently lower 
nominal stresses.  
Yoder and Elliott (Yoder & Elliott, 2010) characterized human allo-
grafts by considering the engineering stress and calculated two-dimen-
sional Langrangian strains from optical images using Vic2D software. 
The Young's modulus (Table 2.2) compares favourably to the results 
here reported for DMEM and NaOH at T5 or T6 for engineering curves 
with reference to the ML direction. A 20 times higher E along the ‘par-
allel’  direction is reported in Yoder & Elliott’s work; this result is 
against the findings of this work and Nì Annaidh (2012), which both 
report a lower level of anisotropy in tested tissues. 
Up to now, the failure properties and the elastic behaviour for static 
loads has been investigated, as critical aspects of dermal patches include 
stiffness mismatch (Hopp, et al., 2013) and the eventual failure. Never-
theless, cyclic loading parameters also need to be considered because in 
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a highly collagenous tissue such as skin, the elastic recoil and hysteresis 
of the material would be of utmost importance. 
Table 2.2 Mechanical properties of skin in literature and in this work (aver-
age±SD). 
Author 
Skin Location 
(Langer Line 
Orientation) 
UTS 
(MPa) 
Failure 
Stretch 
Elastic 
Modulus 
(MPa) 
Reference 
Variables 
(Nì Annaidh, 
et al., 2012a) 
Middle Back 
(Parallel) 
28.64 
± 9.03 
1.46 
± 0.07 
112.47 
± 36 
e,e 
Bottom Back 
(Parallel) 
17.60 
± 4.77 
1.74 
± 0.32 
73.81 
± 19.41 
Middle Back 
(Perpendicular) 
16.53 
± 5.71 
1.52 
± 0.08 
63.75 
± 24.59 
Bottom Back 
(Perpendicular) 
10.56 
± 8.41 
1.61 
± 0.14 
37.66 
± 36.41 
(Edwards & 
Marks, 1995) 
 5-30 35-115% 15-150 
Various 
authors 
(Yoder & 
Elliott, 2010) 
Alloderm 
(Parallel) 
  
221.48 
± 141.20 e, 
Lagrange Alloderm 
(Perpendicular) 
  
11.21 
±3.53 
This work 
(T0) 
Back 
(cranio-caudal) 
10.28 
± 0.96 
0.77 
± 0.08 
13.01 
± 2.61 
e,e,Ee 
18.38 
± 2.42 
  st 
33.95 
± 4.93 
 
43.63 
± 6.29 
t, Et 
Back 
(medio-lateral) 
7.01 
± 0.10 
0.93 
± 0.15 
7.20 
± 1.22 
e,e,Ee 
 
13.81 
± 2.80 
  st 
24.11 
± 3.24 
 
29.77 
± 7.54 
t, Et 
According to experimental tests on mice skin (Del Prete, et al., 2004; 
Muñoz, et al., 2008), the primary loading curve in a cyclic test would 
closely follow the stress–strain curve for the monotonic test. However 
the unloading curve slope is likely to be different due both to viscoelastic 
and inelastic effects: experimental tests have clearly demonstrated the 
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presence of residual strain when large-displacement cyclic loading and 
large deformations are performed on mice skin (Del Prete, et al., 2004; 
Muñoz, et al., 2008), and on human skin undergoing sustained compres-
sion (Edsberg, et al., 1999). 
2.6 Conclusions 
This work was focused on the mechanical characterization of a hu-
man acellular dermal matrix. The mechanical properties of the decellu-
larized excised human dermis have been quantified and compared to 
those of native ones in order to develop the most suitable procedure for 
dermis decellularization. Different types and durations of cell removal 
treatment have been considered, as well as different cut orientation, due 
to tissue anisotropy. Hence a systematic analysis heretofore lacking in 
literature has been carried out.  
According to results here reported, the human excised HADM under 
incubation culture in NaOH and in DMEM respectively for 5-6 weeks 
and 5-7 weeks, exhibited the mechanical properties most similar to the 
native tissue ones. However, the DMEM-treated samples exhibit better 
handling, greater flexibility and lower needle penetration resistance, ac-
cording to surgeons‘ evaluations, and are therefore preferable. 
The comparison among mechanical properties measured from engi-
neering, simplified true or true curves has demonstrated that ultimate 
tensile strength, deformation and maximum elastic modulus can be heav-
ily underestimated considering engineering and simplified true curves. 
More realistic values obtained from true curves are therefore recom-
mended when setting up dermis computational models, while engineering 
and true curves values remain useful for comparative analyses. 
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 Effects of the conservation process on dermis me-
chanical properties 
3.1 Preface 
In the previous chapter, the mechanical properties of the decellular-
ized dermis have been compared with a control tissue, assumed to be 
similar to the native one. However, the intact human skin called ‘T0’ 
used as a reference was not the freshly excised human dermis, but a 
dermis tissue which did not undergo any decellularization treatment de-
spite having undergone the glycerolization process. This choice has been 
made taking into account two factors: 
- since all the tested samples were preserved at 85% glycerol, 
also the control ones needed to be preserved in the same con-
ditions, in order to prevent the introduction of any additional 
variability factor; 
- the glycerol preservation method allows for an easier storage 
and transport. 
The aim of the following study is therefore the comparison between 
freshly excised human dermis and glycerol preserved dermis, focusing on 
the effects of the conservation process on the mechanical properties of 
the tissue. 
Chapter 3 
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3.2 Introduction 
Allografts preserved in 85% glycerol were introduced in 1984 by the 
Dutch National Skin Bank (relaunched as the Euro Skin Bank (ESB) in 
1993) and to date the glycerol-preserved allograft (GPA) is in use in 
several European burn centres. This procedure, starting from the harvest 
from the donor, consists in a washing in 0.9 per cent saline solution 
containing penicillin and streptomyiin, followed by stirring in glycerol 
for two periods of several hours. Due to fluid exchange the final and 
storage concentration of glycerol in the GPA is 85 per cent. In this me-
dium, the GPA can be stored at 4°C up to 2 years (Hermans, 1989). The 
glycerol preservation method was developed to make storage easier and 
cheaper than cryopreservation (the method of choice up to that time) 
while maintaining allograft effectiveness in the management of burns and 
other full thickness skin defects.  
The object of this inquiry is whether the same conservation process 
is still suitable to a dermis allograft that, having the same structure, is 
addressed to an alternative clinical use. In fact, GPA common applica-
tions are related to burns and skin lesions, while the new substitute here 
analyzed is to be inserted under the skin in the abdominal or post onco-
logical reconstructions, as a reinforcement patch for the overlying tissue. 
This clinical application is more demanding from the point of view of 
the allograft mechanical strength. 
Trials were performed for decades to indicate the e±cacy of GPA in 
terms of clinical outcomes. In 1987 Vloemans et al. have shown that 
there were no differences in the results between patients treated with 
cryopreseryed donor skin and GPA. Two years later Kreis et al. observed 
that when allograft skin preserved in 85 per cent glycerol is used as a 
temporary overlay for widely expanded autografts on primarily excised 
deep burn wounds, the rejection process is attenuated su±ciently enough 
to allow the outgrowth of the underlying autograft. In the same years 
Hoekstra demonstrated in tests using several bacterial strains that glyc-
erol has slight antibacterial properties, therefore 85 per cent glycerol 
resulted to be a bacteriologically safe storage–medium (Hoekstra, 
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1987b). Glycerol treatment virucidal and antibacterial effects were also 
confirmed by other studies (Van Baare, et al., 1994; Basile, 1982). Great 
importance in literature is entrusted to the analysis of the structural 
integrity of post-treated dermis at a microscopic level. When compared 
at the light microscopical level to the untreated skin, the dermal part of 
the glycerol-treated skin didn’t show shrunk, survived cells were mostly 
perivascularly located and any alteration was observed in the structure 
of the dermis of glycerol-treated skin (Richters, et al., 1996). McKay et 
al. also reported that the collagenous and elastic elements in the dermis 
were not affected by the glycerol treatment. However, the cells which 
had been treated with glycerol were dead. In fact, the current preserva-
tion protocol using glycerol provides a well-preserved but non-viable 
skin. Despite numerous studies on GPA structural integrity at the mi-
croscopic level, there is lack of information about GPA mechanical be-
havior at the macroscopic level. An analysis of the effects of this preser-
vation method on the mechanical properties of ovine cardiac valve allo-
grafts was carried out by Aidulis et al., experiencing a significant reduc-
tion of the elastic modulus with respect to fresh control values and an 
increased extensibility, but any equivalent information can be found re-
garding GPA or glicerolized dermal allografts. Filling this shortage is the 
main objective of this study.  
To study the structural integrity of untreated dermis and glycerol-
preserved dermis, paired samples from the same donor were compared 
exploiting the experimental set-up and protocol optimized in the previ-
ous chapter.  
It should be noted that the study of the influence of a specific treat-
ment (such as the glycerolization) on the dermis mechanical properties 
is likely to run into a high level of uncertainty, especially when it is 
necessary to deal with the inter-subject variability. In fact the mechan-
ical properties of dermis vary substantially not only from one anatomical 
site to another, but also in relation to age, sex, ethnicity, and many other 
factors. Surprisingly, despite the large volume of studies in the literature 
on skin biomechanics, few have examined age-related changes in the 
properties of human skin in vitro, so a direct comparison with the results 
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of this study is not feasible. In vivo studies suggest that ageing processes 
are associated with major structural changes in the dermal ECM, corre-
lated with a loss in tissue compliance (Naylor, et al., 2011), and an in-
crease in the Young’s Modulus of the skin (Agache, et al., 1980; 
Alexander & Cook, 1976; Escoffier, et al., 1989; Grahame & Holt, 1969; 
Barel, et al., 1998; Sanders, 1973; Diridollou, et al., 2001). In this study 
four different donors were investigated, having different age and sex. 
3.3 Materials and Methods 
3.3.1 Specimens 
Strips of dermis tissue, collected from the backs of human donors, 
were dissected along the cranio-caudal direction. Four different donors 
of either gender were considered, with ages ranging between 44 and the 
72 years (Table 3.1).  
Table 3.1 Donors details 
Donor Gender Age Donor site 
707 F 44 Back 
711 M 68 Back 
713 F 72 Back 
716 M 67 Back 
 
Following the harvesting, samples were cut into two parts: the first 
portion (called ‘FR’ in the following) was dipped in sterile saline solution 
to be immediately tested, the other one (‘T0’ in the following) was placed 
in a medium composed of glycerol at a concentration of 50%, amikacin 
(1 mg/ml) and ampicillin (600 µg/ml) and then incubated for at least 
three hours at room temperature. The glycerol concentration was subse-
quently increased to 70% and then to 85%. The allografts were stirred 
gently for at least three hours at 33°C at each step. After glycerolisation, 
dermal grafts were sealed in labelled plastic boxes, which were stored at 
a temperature of 4°C for at least 2 weeks. Before testing, reticular dermis 
grafts were de-glycerolised by sequential washing in sterile 0.9% NaCl 
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solution at 37°C. The specimens were obtained by cutting out strips 
along the cranio-caudal (CC) and medio-lateral (ML) directions using 
the custom made die cutter described in the previous chapter.  
 
Figure 3.1 Width misuration process for a glycerolized specimen (software Im-
ageJ). 
The resulting specimen sizes were measured by means of photogram-
metry (Figure 3.1) before mechanical testing, obtaining specimens with 
a 4.84±1.16-mm width, 2.25±0.50-mm thickness and 15.52±0.66-mm 
length (average ± std). Depending on the original strips size and shape 
a variable number of specimen was obtained for each combination of 
treatment (FR or T0), donor (707, 711, 713, 716) and cut orientation 
(CC or ML), for a total 75 specimens, detailed in Table 3.2. 
Table 3.2 Number of specimen for each combination of treatment (FR or T0), do-
nor (707, 711, 713, 716) and cut orientation (CC or ML). 
  ML CC 
707 
FR 5 6 
T0 7 8 
711 
FR 3 5 
T0 4 5 
713 
FR 3 3 
T0 3 4 
716 
FR 3 6 
T0 4 6 
 48 
 
3.3.2 Mechanical tests 
Following the procedure detailed in the previous chapter, specimens 
were subjected to uniaxial tensile tests along both the cranio-caudal and 
medio-lateral directions to quantify the influence of the glycerolization 
treatment on the dermis tissue biomechanical behaviour. Prior to testing 
specimens size at rest was measured by means of a full-frame digital 
camera (Canon EOS 5D Mark II) with an autofocus lens for macro pho-
tography (Canon EF 100 mm f/2.8 Macro USM). The 21.0 MP images 
(5616x3744 pixels) obtained were post processed using the image analysis 
software ImageJ (National Institutes of Health, Bethesda, Maryland, 
U.S.). The width and the thickness of each specimen were assessed as an 
average of five different measurements, reaching a 0.01 mm/pixel meas-
urement resolution (Figure 3.1).  
Up to the instant preceding the tensile test, all specimens were kept 
hydrated in physiological solution. They were then clamped by titanium 
grips to the Bose Electroforce® 3200 testing machine. Rupture tensile 
tests were performed for all samples in displacement control at a strain 
rate of 0.032 s-1 without executing any preconditioning cycles. The initial 
gap between the grips was 5 mm. 
3.3.3 Data Elaboration  
As concluded in the previous chapter, even though differences be-
tween engineering and true values can reach 84%, the engineering values 
remain useful to make comparisons, providing reliable indications with 
a simpler experimental set up and data processing. Here’s why it has 
been chosen to report the results of rupture tests in terms of ‘engineering’ 
stress and strain. 
The ‘engineering curve’ is obtained by ignoring the narrowing of the 
section during the elongation of the sample and referring always to the 
initial specimen length. The engineering stress e is therefore calculated 
by dividing the force F by the unloaded-cross sectional area A0 of the 
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specimen while the engineering strain e is expressed as the change in 
length ΔL per unit of the original length L0.  
The engineering elastic modulus (Ee) has been calculated from the 
linear portion of the stress-strain curve (Nì Annaidh, et al., 2012a), which 
is the so-called ‘linear region’ where collagen chains are stretched (Fung, 
1993; Özkaya, et al., 2012): curve data were locally derived with a mov-
ing average linear regression, and the constant trend of the derived curve 
was considered. 
Three descriptive parameters were taken into account: the ultimate 
tensile strength (UTSe), the ultimate deformation (εUTS,e), and the elastic 
modulus (Ee) (Figure 3.2). 
 
Figure 3.2 (Up) Experimental stress strain curve, where the red point represents 
the ultimate strain/stress point; (Down) Moving average linear regression of the stress 
strain curve increasing portion. The red line point out the constant trend of the de-
rived curve. 
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3.3.4 Statistical analysis 
The mechanical properties of the dermis were reported in relation to 
the testing direction (CC or ML), the donor (707, 711, 713, 716) and the 
treatment (called FR if the tissue has not been subjected to any treat-
ment, or T0 if the tissue has undergone the glycerolization process). The 
donor factor was considered ‘random’, being the factor levels (the four 
donors) a random selection from a larger set of all the possible levels, 
while the treatment and testing direction were considered ‘fixed’. 
The statistical analysis of the experimental results was carried out 
using a multivariate analysis of variance (Matlab function ‘anovan’), fol-
lowed by a Tukey–Kramer post hoc test, after having tested the nor-
mality of the statistical distribution of all parameters by the Lilliefors 
test function. The Lilliefors test evaluates the null hypotheses 𝐻0 that 
the data have been drawn from a normal distribution computing the 
Lilliefors test statistic T as follows:  
𝑇 = 𝑚𝑎𝑥
𝑥
|?̂?(𝑥) − 𝐺(𝑥)| 
Equation 3.1 
were ?̂?(𝑥) is the cumulative distribution function of a normal distri-
bution with mean zero and standard deviation one and 𝐺(𝑥) is the em-
pirical distribution function of the values of 𝑍𝑖 computed using Equation 
3.2. 
𝑍𝑖 =
𝑥𝑖 − ?̅?
𝑠
 
Equation 3.2 
with x̅ =
1
n
∑ xi
n
i=1  and s = √
1
n−1
∑ (xi − x̅)2
n
i=1 . 
𝐻0 is rejected at the  significance level of T exceeds the critical 
value for the test, tabulated as a function of the sample size and the 
chosen significance level. When data-sets of 4 samples were available, 
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the lillietest Matlab function was used to evaluate the normality of the 
distribution; when at most 3 replications were available, the null hypoth-
esis was assumed to be true. 
In the Tukey-Kramer method, the minimum significant difference 
(MSD) is calculated for each pair of means. MDS depends on the sample 
size in each group, the average variation within the groups, and the total 
number of groups. For a balanced design, all of the MSDs will be the 
same but for an unbalanced design, as in this work, pairs of groups with 
smaller sample sizes will have bigger MSDs. If the observed difference 
between a pair of means is greater than the MSD the pair of means is 
significantly different. Significance levels were set to p < 0.05 for all tests. 
3.4 Results 
Figures 3.3-3.5 show the average value of ultimate stress (UTSe), 
ultimate strain (εUTS,e) and elastic modulus (Ee) with the relative stand-
ard deviations obtained from engineering formulation for different do-
nors in both cut orientations. Numerical values (average ± SD) are listed 
in Tables 3.3-3.5. Dealing with ultimate stress and elastic modulus, glyc-
erolized samples means increase of up to 191% and 212% respectively if 
compared to the freshly excised dermis. Only the 19% of the combina-
tions exhibited a reduction of the evaluated parameters. The rise of the 
ultimate strain parameter seems to be having outcome only  in 62% of 
cases, and reaching an increment of 50% at maximum.  
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Figure 3.3 UTS values obtained from engineering formulations for different donors. 
‘FR’ and ‘T0’ pairs marked with an asterisk are not statistically different. Left side: re-
sults obtained along ML direction; right side: results obtained along CC direction. 
Table 3.3 UTS values in [MPa] (average ± SD) for treated and untrated samples. 
 707 711 713 716  707 711 713 716 
FR 
2.51 
±1.62 
6.74 
±1.28 
6.50 
±0.89 
5.68 
±1.32 
 
7.75 
±1.12 
2.81 
±1.82 
4.72 
±0.99 
3.87 
±1.68 
T0 
5.91 
±1.01 
11.53 
±0.67 
6.65 
±0.76 
9.61 
±0.92 
 
6,81 
±1.17 
8.19 
±2.95 
5.41 
±1.62 
8.20 
±2.24 
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Figure 3.4 Engineering ultimate strain corresponding to the ultimate stress for dif-
ferent donors. ‘FR’ and ‘T0’ pairs marked with an asterisk are not statistically differ-
ent. Left side: results obtained along ML direction; right side: results obtained along 
CC direction 
Table 3.4 Ultimate strain values (average ± SD) for treated and untrated samples. 
 707 711 713 716  707 711 713 716 
FR 
0.80 
±0.14 
0.85 
±0.08 
0.71 
±0.18 
0.69 
±0.07 
 
0.70 
±0.13 
0.76 
±0.24 
0.76 
±0.08 
0.70 
±0.12 
T0 
0.77 
±0.13 
0,70 
±0.04 
0.76 
±0.01 
1.04 
±0.20 
 
0.70 
±0.07 
0.82 
±0.08 
0.75 
±0.11 
0.96 
±0.11 
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Figure 3.5 Elastic modulus values for different donors. ‘FR’ and ‘T0’ pairs marked 
with an asterisk are not statistically different. Left side: results obtained along ML di-
rection; right side: results obtained along CC direction 
Table 3.5 Elastic modulus values in [MPa] (average ± SD) for treated and untrated 
samples. 
 707 711 713 716  707 711 713 716 
FR 
4.57 
±3.04 
12.20 
±1.63 
13.67 
±4.28 
17.35 
±4.59 
 
19.10 
±5.87 
5.27 
±3.52 
9.20 
±1.66 
8.08 
±2.76 
T0 
13.83 
±1.98 
26.42 
±0.45 
16.33 
±2.28 
15.68 
±2.67 
 
17.37 
±3.50 
16.44 
±4.83 
12.00 
±3.27 
14.14 
±2.81 
The normality tests results – prerequisite for the subsequent variance 
analysis - are represented in Tables 3.6-3.7, which show the critical val-
ues referred to the sample size of the tested data-set and the 5% signifi-
cance level, the Lilliefors test statistic T and the output of the test. This 
latter returns 1 if it rejects the null hypothesis at the 5% significance 
level, and 0 if it cannot.  
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Table 3.6 Results of normality tests (lillietest Matlab function) for Ultimate Stress, 
Ultimate Strain and Elastic Modulus parameters in the medio-lateral direction. The ‘x’ 
identifies the data sets containing only 3 replications. 
 
707 711 713 716 
FR T0 FR T0 FR T0 FR T0 
Ultimate Stress 
critical value 0.343 0.304 x 0.375 x x x 0.375 
T 0.292 0.178 x 0.289 x x x 0.326 
test output 0 0 x 0 x x x 0 
Ultimate Strain 
critical value 0.343 0.304 x 0.375 x x x 0.375 
T 0.163 0.127 x 0.164 x x x 0.342 
test output 0 0 x 0 x x x 0 
Elastic Modulus 
critical value 0.343 0.304 x 0.375 x x x 0.375 
T 0.291 0.181 x 0.234 x x x 0.235 
test output 0 0 x 0 x x x 0 
Table 3.7 Results of normality tests (lillietest Matlab function) for Ultimate Stress, 
Ultimate Strain and Elastic Modulus parameters in the cranio-caudal direction. The ‘x’ 
identifies the data sets containing only 3 replications. 
 
707 711 713 716 
FR T0 FR T0 FR T0 FR T0 
Ultimate Stress 
critical value 0.324 0.288 0.343 0.343 x 0.375 0.324 0.324 
T 0.162 0.202 0.278 0.253 x 0.270 0.354 0.254 
test output 0 0 0 0 x 0 1 0 
Ultimate Strain 
critical value 0.324 0.288 0.343 0.343 x 0.375 0.324 0.324 
T 0.296 0.193 0.211 0.169 x 0.296 0.219 0.170 
test output 0 0 0 0 x 0 0 0 
Elastic Modulus 
critical value 0.324 0.288 0.343 0.343 x 0.375 0.324 0.324 
T 0.171 0.224 0.370 0.310 x 0.255 0.153 0.158 
test output 0 0 1 0 x 0 0 0 
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In 11 of 16 experimental data sets 4 replications or more were avail-
able, and considering the three analyzed parameters as a whole the null 
hypothesis was accepted in the 94% of the cases. 
Since sample properties are shown to be normally distributed, ac-
cording to the Lilliefors test, the following variance analysis could be 
performed. The results of the analysis of variance are shown in (Table 
3.8). Considering the treatment, the donor and the specimen orientation 
as singol factors, they are all not significant for the considered parame-
ters.  The donor is significant when its interactions with the treatment 
and orientation factors are considered, except for the ultimate strain 
parameter where the donor-orientation interaction becames not signifi-
cant. Moreover, the specimen orientation-treatment interaction is not 
significant for all parameters.  
Having rejected the null hypothesis that all the means are equal, a 
more detailed look to the data has been addressed, comparing different 
pairs of means through the Tukey-Kramer test. In Figure 3.3-3.5, pairs 
of means composed of ‘T0’ samples with their respective reference ‘FR’  
are marked with an asterisk if they’re not statistically different for the 
represented parameter. Dealing with the glycerolization effects on the 
native tissue, only 2 donors out of 4 (the female donors) appeared to 
have a not significantly different behaviour with reference to all the con-
sidered parameters. Regarding male donors the tissue properties along 
both directions appear significantly stiffer (higher UTS), with UTS,e and 
E not affected significantly respectively for 711 and 716 donor. As a 
whole the glycerolization process produces a stiffening of the tissue which 
is expressed in an increase of the ultimate stress and elastic modulus 
parameters with respect to the native tissue, even in the cases where this 
increase is statistically not significant. 
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Table 3.8 Anova results for the ultimate stress, ultimate strain and elastic modu-
lus. Boldface characters are used to highlight factors that are not significant (p > 
0.05). 
Ultimate Stress 
Source Sum Sq. DOF Mean Sq. F p 
Donor 29.67 3 9.89 0.17 9.15E-01 
Orientation 14.72 1 14.72 0.39 5.74E-01 
Treatment 133.38 1 133.38 5.86 9.30E-02 
Donor*Orientation 117.20 3 39.07 14.51 2.87E-07 
Donor*Treatment 71.93 3 23.98 8.91 5.40E-05 
Orientation*Treat-
ment 
6.43 1 6.43 2.39 1.27E-01 
Error 166.88 62 2.69   
Total 532.22 74    
     
Ultimate Strain 
Source Sum Sq. DOF Mean Sq. F p 
Donor 0.14 3 0.05 0.47 7.28E-01 
Orientation 0.01 1 0.01 0.64 4.76E-01 
Treatment 0.08 1 0.08 0.78 4.40E-01 
Donor*Orientation 0.04 3 0.01 0.81 4.95E-01 
Donor*Treatment 0.32 3 0.11 6.52 6.60E-04 
Orientation*Treat-
ment 
0.00 1 0.00 0.24 6.25E-01 
Error 1.02 62 0.02   
Total 1.67 74    
     
Elastic Modulus 
Source Sum Sq. DOF Mean Sq. F p 
Donor 39.60 3 13.20 0.04 9.90E-01 
Orientation 91.87 1 91.87 0.32 6.11E-01 
Treatment 540.24 1 540.24 6.01 9.00E-02 
Donor*Orientation 899.90 3 299.97 20.08 3.30E-09 
Donor*Treatment 283.42 3 94.47 6.32 8.23E-04 
Orientation*Treat-
ment 
31.51 1 31.51 2.11 1.51E-01 
Error 926.38 62 14.94   
Total 2777.79 74    
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3.5 Discussion 
Decellularized allograft made of cadaveric human dermis were origi-
nally used to improve the wound healing of deep burns being placed 
underneath expanded, thin autologous skin grafts, and at present this is 
one of the treatments of choice for closure of full-thickness skin loss. The 
Euro Skin Bank has turned into a center of excellence for the manage-
ment of human dermis, thanks to the development of a glycerolization 
technique which allows an easy transport and storage, ensuring good 
clinical outcomes. Several clinical studies investigated the advantages of 
GPA clinical use and the effects of the glycerolization treatment on the 
structure of collagen and elastin. However only a few directed their at-
tention on the macroscopic mechanical behaviour of GPA. The macro-
scopic mechanical response of a dermis allograft stored according to the 
standard glycerolization process has a clinical significance when the typ-
ical application is converted in a new clinical application whenever a 
high mechanical resistance is required, as in more recent applications for 
abdominal wall reconstruction. 
This study results point out differences in the glycerolization effects 
depending on the native tissue. In fact, the donor-treatment interaction 
is significant for each parameter considered. The generalized increase of 
strength of the T0 samples appears to be more pronounced in samples 
derived from male donors, even though the donor factor isn’t a signifi-
cant factor for the elastic modulus parameter.  
This results are in contrast with findings of Aidulis et al. who inves-
tigated the effects of preservation at 4°C in a high concentration of glyc-
erol of ovine cardiac valve allografts. Aidulis’ team noted a reduction of 
the elastic modulus of the tissue with respect to fresh control values, 
whereas the extensibility was increased, but in spite of this effects it was 
found a 20% greater collagen content in leaflets that had been glycer-
olize, even though the mechanism and the relevance of the increase in 
collagen content found no explanation (Aidulis, et al., 2002). A greater 
collagen content in glycerolized specimens could be an explanation of the 
stiffer behaviour observed in this study. 
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Interesting considerations on the age-related changes and sex-de-
pendent behavior of the dermis can be deduced as well. Four different 
donors of either gender were considered in this study, with ages ranging 
between 44 and the 72 years. Grahame and  Holt (1969) found that 
values for the elastic modulus for intact forearm skin in healthy adult 
female subjects was significantly higher than that obtained in males, and 
despite the different harvesting zone, Grahame’s results are partially 
confirmed from this study, where female donors’ samples reached higher 
value of ultimate stress and elastic modulus when the cranio-caudal di-
rection was considered. The high anisotropy typical of biological tissues 
was here confirmed again.  
 
Figure 3.6 Langer's lines distribution in the lower back (Langer, 1978) 
As expected (Figure 3.6), native dermis response was stiffer in the 
medio-lateral direction (along Langer’s lines) than in the cranio-caudal 
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direction (across Langer lines), with the only exception of donor 707 
(female, 44 years). This behavior is therefore accentuated in older do-
nors, in agreement with the more parallel arrangement of skin collagen 
during senescence demonstrated by Marcos-Garcés et al.  
 
Figure 3.7 Proposed evolutional model from the histopathological parameters 
throughout life (Marcos-Garcés, et al., 2014). 
Marcos-Garcés asserts that in the last stage of life collagen bundles 
lose density and thickness both in the papillary and reticular dermis, 
and, in this last location, the collagen is disposed in a parallel manner 
(Figure 3.7-I). The oriented collagen fibers produce an increase of the 
stiffness when the tissue is stressed parallel to the fibers axis (medio-
lateral direction in this work). 
3.6 Conclusions 
The objective of this work was to perform a biomechanical compari-
sons among freshly excised human dermis and glycerol preserved dermis. 
Dealing with this kind of analysis cannot exempt the author from facing 
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the inter-subject variability, main feature of biological tissues. In fact, 
the need to test a sufficient number of samples forced to harvest samples 
from different donors, which can’t always be incorporated into a prede-
fined design of experiment. The reduced number and the variability of 
the source is the main limitation of this work.  
On the whole the influence of the glycerolization procedure on the 
mechanical properties of excised human dermis resulted to be statisti-
cally significant, causing a stiffening of the tissue, with higher ultimate 
stress and elastic modulus if compared with fresh dermis (FR). Despite 
this effects, the increase of the ultimate stress and elastic modulus pa-
rameters with respect to the native tissue was not considered a negative 
outcome due to the persistence of the deformability features. In fact the 
ultimate strain reduction, when present, is moderate. 
It was also found agreement between this study’s outcomes and ex-
isting studies in literature regarding donor’s influence, with particular 
attention to age and sex dependent effects.  
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 Suture retention tests on HADM 
4.1 Introduction 
As mentioned in the previous chapter, acellular dermal matrix 
(ADM) applications are not limited to biological dressing on scalds, tem-
porary coverage on excised burns and  wound bed preparation. Indeed, 
it has be reported to be used clinically for applications which involve the 
high mechanical resistance prerequisite. An example is the repair of ro-
tator cuff tears (Barber, et al., 2008; Burkhead , et al., 2007; Snyder & 
Bond, 2007; Wong, et al., 2010), during which the dermal matrix is typ-
ically used to provide biomechanical strength as well as support directed 
healing. In fact, the acellular dermal matrix has been successfully used 
as an augmentation grafts which can reinforce the tendon repair and 
gradually become incorporated into the repaired tissue. In this applica-
tion, the allograft is secured to the humerus and the supraspinatus ten-
don using the sutures and suture anchors. 
Other application is the Achilles tendon augmentation in neglected 
Achilles ruptures (Lee, 2007; Barber, et al., 2006). Here the acellular 
dermal matrix is used as an augmentation graft which facilitates the 
end-to-end anastomosis. The weakest point of this kind of repair is lo-
cated between the suture and the tendon and, therefore, the main critical 
Chapter 4 
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property for a tendon augmentation graft is to possess an adequate su-
ture retention strength to withstand the expected anatomic forces 
(Barber, et al., 2006). 
In addition, human ADM is commonly used for breast reconstruction 
procedures (Nahabedian , 2009; Macadam & Lennox, 2012; Zienowicz & 
Karacaoglu, 2007), hernia repair (Mitchell & Cima, 2011) and in the 
treatment of chronic wounds (Randall, et al., 2008).  
Hence, dependent on the intended use, the biomechanical response 
of the sutured allografts may be of clinical significance, especially in po-
tentially load bearing applications (Moore, et al., 2015).  
Usually suture retention tests are performed on biological and syn-
thetic patches to see how closely they replicate native tissue mechanical 
properties and to determine the appropriate suture material and thick-
ness based on the resulting behaviour of the sample. Concerning me-
chanically demanding applications, often the aim is not the comparison 
with an analogous native tissue but the assessment of load to failure 
strengths and modes of failure in order to confirm the applicability to a 
different body part. For example, the adoption of an acellular dermal 
matrix as an augmentation graft in rotator cuff or tendon repair.  
A standard suture test protocol for allograft patches does not exists, 
and thus, in some studies, the testing protocols were adapted from the 
methods described within the ANSI/AAMI(ISO 7198:1998/2001/® 2004 
“Cardiovascular implants – Tubular vascular prostheses” standard 
(Barber & Aziz-Jacobo, 2009; Adelman, et al., 2014; Bose Corporation, 
2015). In accordance with the standard, specimens were sutured at a 
minimum distance from the specimens free end. Either suture threads or 
a stainless steel wire equivalent in diameter to the suture size were com-
monly used. The sutures were usually not tied, but wrapped around a 
specially designed suture-holding fixator or clamped to a standard test-
ing machine grip. The tissue other end is always held firmly in a tissue 
clamp. A different test configuration was implemented by Obermiller 
and his team (Obermiller, et al., 2004). In this latter work a circular 
defect was repaired using a continuous suture and the resistance was 
tested using a ball burst compression cage. This much more complex set 
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up generates a uniform and physiological distribution of the stresses, but 
produces a data set difficult to interpret.  
This work is focused on a qualitative investigation which has the 
purpose to determine whether the presence of sutures could affect the 
mechanical strength of the sutured tissue at physiological strains. For 
this reason, not only the most common test configuration was used, but 
additional configurations which investigate the behavior of sutured 
patches compared to the behavior of a reference intact specimen was 
implemented. Moreover, both quasi-static and impulsive solicitation 
were considered. 
4.2 Materials and Methods 
4.2.1 Specimens preparation 
Strips of dermis tissue, collected from the backs or the thigh of hu-
man donors, were dissected along the cranio-caudal direction and decel-
lullarized for five or six weeks in NaOH and DMEM mediums. Five dif-
ferent donors of either gender were considered, with ages ranging be-
tween 23 and the 68 years (Table 3.1). Three different characterizations 
were performed, and each involved a different specimen preparation. 
Table 4.1 Donors details 
Donor Gender Age Donor site Test type 
711 M 68 Back I 
640 F 64 Thigh II 
647 F 68 Back II,III 
642 M 23 Back III 
651 F 52 Back II 
The first test type (I) consisted in the analysis of the influence of the 
presence of a suture through one end of the specimen. This characteri-
zation is similar to most of those present in the literature. After cutting 
the specimens with dimensions of approximately 10x30 mm, the suture 
thread was inserted into one free end, approximately 5-mm away from 
the three sides (Figure 4.1). 
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Figure 4.1 Specimen preparation, test type I. 
This characterization involved a single donor (711) and two decellu-
larization treatment (NaOH and DMEM) lasting both five and six weeks 
were considered. The cut orientation factor was also considered, obtain-
ing a total of 14 specimens (Table 3.2). 
Table 4.2 Number of specimen for each combination of treatment (NaOH or 
DMEM), treatment duration (T5, T6) and cut orientation (CC or ML). Test type I. 
  ML CC 
DMEM 
T5 2 2 
T6 2 2 
NaOH 
T5 2 - 
T6 2 2 
The second and the third test types (II, III) investigated the presence 
of one or two stitches between two pieces of dermis, and compares the 
sutured dermis behaviour with an undamaged control specimens of der-
mis. In the second analysis static solicitations were imposed, while in the 
third analysis the specimens were subjected to impulsive stimuli.  
 
 
Figure 4.2 Specimen preparation with a) one suture stitch and b) two suture 
stitches. Test type II and III. 
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The sutured dermis was prepared cutting 10x40mm specimens in two 
half, and using one or two stitches to bring the parts together again 
(Figure 4.2). For each pair of sutured specimens, a 10x40mm intact spec-
imen was prepared.  
The second and the third characterizations considered multiple do-
nors and the two decellularization treatments, but the absence of any 
indications regarding the cutting direction for these donors made it im-
possible to consider the cutting direction as a factor. A total of 12 spec-
imens for the second characterization and 14 specimens for the third 
were obtained (Tables 4.3 and 4.4). 
Table 4.3 Number of specimen for each combination of donor (640, 647) and treat-
ment (NaOH or DMEM). Test type II. 
  One stitch Two stitches Intact 
640 
DMEM T6 1 1 1 
NaOH T6 1 1 1 
647 
DMEM T6 1 1 1 
NaOH T6 1 1 1 
Table 4.4 Number of specimen for each combination of donor (647, 642. 651) and 
treatment (NaOH or DMEM). Test type III. 
  One stitch Two stitches Intact 
647 
DMEM T6 1 1 1 
NaOH T6 1 1 1 
642 NaOH T6 2 - 2 
651 NaOH T6 2 - 2 
 
A Covidien suture thread was used (2-0 PolysorbTM), which is a 
coated, braided synthetic absorbable suture composed of LAC-
TOMERTM, a glycolide/lactide copolymer which is a synthetic polyester 
composed of glycolide and lactide derived from glycolic and lactic acids 
(Covidien, 2016). A simple interrupted suture was chosen because, com-
pared with running sutures, this suturing technique is easier to place and 
has a greater tensile strength. The disadvantage is the length of time 
required for the stitches placement. 
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Prior to testing, specimens size at rest was measured by means of a 
full-frame digital camera (Canon EOS 5D Mark II) with an autofocus 
lens for macro photography (Canon EF 100 mm f/2.8 Macro USM). The 
21.0 MP images (5616x3744 pixels) obtained were post processed using 
ImageJ image analysis software (National Institutes of Health, Be-
thesda, Maryland, U.S.). The width and the thickness of each specimen 
were assessed as an average of five different measurements, reaching a 
0.01 mm/pixel measurement resolution. Each specimen was then de-
glycerolised by sequential washing in sterile 0.9% NaCl solution at 37°C. 
4.2.2 Mechanical Tests and Data Elaboration 
All mechanical tests were performed with the Bose Electroforce® 
3200 testing machine in displacement control mode. A full-frame digital 
camera was used to follow entirely each test, capturing images at a 
0.33Hz frame rate. This choice is necessary for the post-processing and 
comparison of results. In fact, stress-strain curves cannot be directly 
compared,due to the stitches presence. For this reason it was chosen to 
exploit an image analysis (where possible), with different modalities de-
pending on the test. 
4.2.2.1. Test type I 
As previously described, test type I consisted in the analysis of the 
influence of a suture passing through one free end of the specimen, sim-
ilarly to the standard suture retention tests. This implied the need to 
secure the suture thread to the upper crosshead of the testing machine. 
For this reason a special gripping has been specifically designed and im-
plemented that would allow the thread locking while avoiding any break-
ages in the interlocking point.  
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Figure 4.3 Thread gripping design. 
The grip (Figure 4.3) consists in an aluminium main body to which 
a plastic material bobbin is fixed. The thread is coiled on the bobbin and 
blocked by the thread clamp, which is fastened to the main body through 
a locking screw. The whole grip is connected to the testing machine 
through a connection screw (UNF 10-32). 
The specimen was thus constrained at the machine titanium grip in 
its lower part, so that the distance between the lower grip and the stitch 
insertion point was about 10 mm. The suture thread was clamped to the 
purpose-designed gripping apparatus superiorly (Figure 4.4a). 
A 0.16 mm/s rate of displacement was then applied, reaching a 10-
mm total displacement. The applied loads were acquired by the testing 
machine sensor. 
 72 
 
 
Figure 4.4 a) Specimen positioning and b) measure labels. 
The analysis of the images captured during the test has allowed to 
distinguish the contribute of the dermis tissue and of the suture thread 
to the total displacement. In particular, the dermis elongation was la-
belled with the letter A, while the thread one was labelled with the letter 
B. The necking zone was also sized and called C (Figure 4.4b). 
4.2.2.2. Test type II 
Test type II purpose was the investigation of the suture effects in 
relation to the number of stitches. The prepared specimens (Par. 4.2.1) 
were clamped to the testing machine through two titanium grips (Figure 
4.5). Similarly to the previous case, a 0.16 mm/s rate of displacement 
was imposed, for a 10-mm total displacement.  
The image analysis has involved a larger number of measures: all 
elongations of the dermis estimated between the grips and each stitch 
insertion point were measured, together with the elongation of each 
stitch. The associated labels are depicted in Figure 4.5. The total elon-
gation (L) and the necking (S) were evaluated in the intact specimen 
case. 
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Figure 4.5 a) One stitch, b) two stitches and c) intact specimens mounted into the 
testing machine titanium grips, with indications of the measures labels. 
4.2.2.3. Test type III 
Test type III required the application of impulsive stimuli. Two dif-
ferent analysis were performed.  
- The first one considers a set of specimens similar to the one 
described in the previous paragraph, subjected to a triangular 
pulse. The slope of this pulse was setted to 200 mm/s (10 Hz) 
(Figure 4.6). The choice was made in order to mimic a cough 
lasting for 0.1 seconds (Smith, 2007).  
 
 
Figure 4.6 10 Hz triangular pulse. 
- The second analysis pertained only specimens with one suture 
stitch and the intact dermis, used as a reference. In order to 
investigate the strain rate dependence, a new 20 Hz triangular 
pulse was added to the first one (Figure 4.7). 
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Figure 4.7 10 Hz and 20 Hz triangular pulses. 
The high rates involved in the impulsive tests made it impossible an 
image analysis, which was therefore excluded.  
4.3 Results and Discussion 
4.3.1 Test type I 
Figure 4.8 shows a representative result for the group of specimens 
treated with the DMEM medium for 6 weeks. For each mechanical test, 
four curves are reported: the load-time curve (black line) is the testing 
machine sensors output while the three dotted lines (in blue) are the 
graphical analysis outcome. It is recalled that A and B represents re-
spectively the dermis and the thread elongations, while C is a measure 
of the specimen width in the necking zone.  
Average results for each tested group are reported in Figure 4.9. 
Load-time curves show greater variability than displacement-time 
curves, which are substantially repeatable. The only exception is the B 
measure, which, it is recalled, is the length of the distance between the 
edge of the grip and the suture insertion point.  
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Figure 4.8 Load-time (black line) and displacement-time (blue dots) curves for the 
four specimens belonging to the DMEM-T6 group.  
 
This discrepancy is due to the variable response of the biological 
tissue, in contrast to the linear and repeatable behaviour of the suture 
thread. The higher standard deviation of the A measure detected in the 
NaOH-T6-CC group of specimens is attributable to the different initial 
length of the thread. In fact, the magnitude of the standard deviation is 
constant for the whole duration of the test and it is also present at time 
zero. 
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Figure 4.9 Test type I results for each tested group: average and standard devia-
tions are represented for both load-time (black lines) and displacement-time (blue dot-
ted lines) curves. 
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A deeper analysis of the forces extent can be done by plotting the 
trends of the force over the stretch ratio. The stretch ratio 𝜆 is calculated 
using Equation 4.1: 
𝜆 = 1 +
𝛥𝑙
𝑙0
 
Equation 4.1 
where the initial length 𝑙0 is defined as the distance between the edge 
of the grip and the suture insertion point, and the linear change in length 
Δ𝑙 is the displacement of the testing machine upper crosshead. 
 
Figure 4.10 Loading curve plotted over the stretch ratio for the 14 suture retention 
tests. 
Figure 4.10 shows the loading curves for the 14 suture retention tests. 
Cranio-caudal data for the NaOH-T5 group are missing, because of the 
lack of the material. The obtained curve differs from the typical J-shape 
curves of the biological material (shown in the Chapter 2). An inflection 
point is indeed visible in proximity of a 20N force. This behaviour is not  
observable in tests reaching a peak strength lower than 20N (e.g. 
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DMEM-T5-ML, specimen #1). This inflection point separates a low 
stretch zone with a behavior comparable to biological tissues one and a 
high stretch zone with a linear behavior. The slope of the stress-strain 
curve in the linear region (~200 MPa) falls inside the elastic modulus 
ranges of similar 2.0 absorbable sutures (Greenwald , et al., 1994). This 
peculiar trend can be found in a similar analysis performed on porcine 
pericardium (Bose Corporation, 2015).  
Table 4.5 Maximum load and cross-section values of all analysed samples. In each 
pair of specimen, higher cross-sections are related to higher loads. 
   Specimen Maximum load [N] Cross-section [mm2] 
D
M
E
M
 
T5 
ML 
1 15.87 12.56 
2 25.96 15.46 
CC 
1 32.94 12.56 
2 40.80 14.87 
T6 
ML 
1 42.47 11.80 
2 34.03 10.71 
CC 
1 24.52 11.67 
2 37.81 12.10 
N
a
O
H
 
T5 ML 
1 19.59 10.82 
2 27.49 11.10 
T6 
ML 
1 26.50 12.14 
2 27.41 13.01 
CC 
1 22.31 11.39 
2 21.39 11.11 
Higher or lower values reached in paired specimens of the same test 
is attributable to the different specimen cross-section. In fact, larger 
cross-sections are always related to higher force values, as shown in Ta-
ble 4.5. This trend is confirmed by Adelman (2014) and Moore (2015) 
works, which highlights that the mean suture retention strength in-
creases with increasing material thickness.  
Considering the contribution in terms of deformation of the dermis 
tissue and the suture thread, it can be noted that the respective contri-
bution are equivalent only when the load exceeds ~30 N (Table 4.6 - 
encircled specimens). When lower forces are reached, the dermis elonga-
tion is considerably greater than the thread one. 
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Table 4.6 Dermis and thread maximum elongations of all analysed samples. 
   Specimen 
Maximum 
load [N] 
Dermis 
elongation 
[mm] 
Thread 
elongation 
[mm] 
D
M
E
M
 
T5 
ML 
1 15.87 7.19 2.67 
2 25.96 6.71 3.31 
CC 
1 32.94 5.92 4.32 
2 40.80 4.63 4.87 
T6 
ML 
1 42.47 4.00 5.97 
2 34.03 5.31 5.10 
CC 
1 24.52 6.95 2.96 
2 37.81 4.29 5.62 
N
a
O
H
 
T5 ML 
1 19.59 7.63 2.74 
2 27.49 6.32 3.74 
T6 
ML 
1 26.50 6.39 2.79 
2 27.41 7.20 2.99 
CC 
1 22.31 5.70 4.35 
2 21.39 5.06 4.96 
It must be emphasized that up to now other suture investigations on 
Acellular Dermal matrixes have not take into account the specimens 
cutting directions, making no differences between CC and ML specimens 
and studying the only dependence on the thickness factor (Adelman, et 
al., 2014; Moore, et al., 2015).  
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4.3.2 Test type II 
 
Figure 4.11 Test type II results: force-time curves (black lines) and displacement-
time curves (dotted lines). 
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Figure 4.11 shows all results for the second characterization. Two 
different donors were considered in this analysis, but indications regard-
ing the dermis patch orientation weren’t available. Nevertheless, some 
general conclusions can be drawn.  
Image analysis has witnessed the difficulty to suture repeatable 
stitches on a soft and wet tissue like dermis. In fact, in the “two suture 
points” case, the paired measure A1-A2 and B1-B2 (which, it is recalled, 
involve the suture insertion points) are not coincident. 
 
Figure 4.12 Load-time trends for the test-type II. 
With reference to peak loads, the intact specimen mechanical re-
sponse is always higher than the sutured dermis (Figure 4.12). An ex-
ception should be made for the 647-DMEM group of specimens. In this 
set of tests, the peak load magnitude reached by the sutured dermis is 
comparable to the intact dermis, and the dermis sutured with one single 
stitch has higher mechanical strength. As said, this is an exception, since 
the sutured dermis presents in any other case a lower mechanical re-
sistance. Conversely, the presence of one or two stitches do not show 
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substantial differences. On average, the mechanical response of dermis 
treated by means of DMEM (either intact or sutured) is higher compared 
to the specimens decellularized using NaOH, although it must be remem-
bered that the cutting direction was unknown for the donors here con-
sidered. 
According to the author's knowledge, similar tests are not reported 
in the literature and a comparison is therefore not possible. Nevertheless 
in spite numerous sources of variability, it can be stated that the pres-
ence of sutures increases the patch deformability, thus lowering the 
forces. This behaviour turns out to be very beneficial in the immediate 
postoperative period, when the dermis allograft has not been incorpo-
rated and colonized by the host tissue yet and, therefore, the suture 
collaborates to withstand the imposed deformations. 
4.3.3 Test type III 
The last characterization consists in an investigation of the sutured 
and intact dermis mechanical response to an impulsive stimulus. The 
importance of this characterization lies in the possibility of impulsive 
events that may occur in the post-operative period. A pulse generated 
by a cough was taken as a representative example (Smith, 2007), alt-
hough other events, such as a sneeze or a sudden effort, could possibly 
generate a similar solicitation.  
A first set of specimen consisting of specimens with one or two 
stitches, coupled to an undamaged specimen, was subjected to a 10Hz 
triangular pulse. 
Table 4.7 Hysteresis loop areas. 
 DMEM-T6 NaOH-T6 
■ 0.122 J 0.185 J 
● 0.294 J 0.045 J 
▼ 0.366 J 0.210 J 
The resulting load-displacement curves are depicted in Figure 4.13. 
The loading and unloading curves obtained do not follow the same path 
and the difference in the calculated area under the loading and unloading 
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curves gives an indication of the energy lost due to internal friction and 
damping in the material (Table 4.7).  
 
Figure 4.13 Impulse response to a 10Hz triangular pulse (donor #647 - specimens 
treated with DMEM (top) and NaOH (bottom) for 6 weeks). 
Similarly to the quasi-static characterizations (Par. 4.3.2), the un-
damaged specimen always reaches higher forces on equal deformations. 
Also the hysteresis loop area (namely the loss energy) is higher than in 
the sutured dermis cases. Therefore, the presence of the suture thread 
cut down the viscoelastic behaviour of the dermis tissue, reducing, as a 
consequence, its ability to adsorb energy. 
The second set of specimens comprises 8 tests performed on two do-
nors exploiting two triangular pulse (10Hz and 20Hz). The material pau-
city has led to exclude the specimens with two stitches from this analysis. 
Moreover only the NaOH treatment was considered.  
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Figure 4.14 Impulse response to a 10Hz (left) and a 20Hz (right) triangular pulse 
(donor #642 - specimens treated with NaOH (top) and donor #651 - specimens 
treated with NaOH (bottom) for 6 weeks). 
The resulting load-displacement curves are depicted in Figure 4.14, 
while the calculated hysteresis loop areas are listed in Table 4.8.  
Table 4.8 Hysteresis loop areas. 
 642-NaOH-T6 651-NaOH-T6 
 10 Hz 20 Hz 10 Hz 20 Hz 
■ 0.007 J 0.023 J 0.200 J 0.231 J 
▼ 0.036 J 0.049 J 0.259 J 0.298 J 
Both the maximum force values and the loss energies increases with 
increasing strain rate, which is in accordance with the documented 
strain-rate dependent behaviour of skin (Arumugam, et al., 1994; 
Shergold, et al., 2006; Ni Annaidh, et al., 2014). In any case, the energy 
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dissipated by sutured specimens is always lower compared to undamaged 
one, regardless of the strain rate. 
4.4 Conclusions 
This work was focused on a qualitative investigation aimed to deter-
mine whether the presence of sutures could affect the mechanical 
strength of the sutured tissue at physiological strains. Both for this rea-
son and for the impossibility of obtaining sufficiently large displacements 
with the used testing machine, the rupture of the specimen was never 
reached. Nevertheless, characteristic curves of the sutured dermis behav-
iour were obtained and were compared with control intact specimens. 
This analysis showed an increase in the elasticity of the sutured speci-
mens, which appears to have beneficial effects in the immediate post-
operative period, when the dermis allograft has not yet been incorpo-
rated and colonized by the host tissue. Moreover, this response was ob-
served both in quasi static and dynamic conditions. A new characteriza-
tion procedure which couples results coming from both the testing ma-
chine and an image analysis was here implemented, in order to provide 
additional information beside the only “suture retention strength” value. 
This method could allow to isolate the suture material effect, deducing 
the contribution of the only tissue to the overall deformation. 
This study results may be of clinical significance in potentially load 
bearing applications and in cases where the shortage of material requires 
joining allografts by sutures in order to obtain patches to cover large 
defects (Deeken, et al., 2012). 
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 Constitutive models of HADM: parameterization 
through 3D Finite Element Modelling coupled to 
uniaxial experimental tests 
5.1 Introduction 
As repeatedly highlighted in the previous chapters, dermis behavior 
is still not well understood and predicting its deformation through con-
stitutive models has been always challenging. 
To the authors' knowledge there’s a paucity in literature regarding 
the constitutive material modelling of dermis, despite numerous studies 
have been performed on the skin modelling as a whole. The attempts to 
develop a computational model of skin started in the 70s with Dan-
ielson’s work. He modelled the skin as an elastic membrane, transporting 
the existing knowledge on the behavior of stretchable thin membranes 
in the field of biological tissues (Danielson, 1973). The hyperelastic mod-
elling of skin (rabbit skin) was introduced in 1976 (Tong & Fung, 1976). 
The absence of computer softwares and modelling tools in those years 
forced the approach used to describe the skin to mathematical equations. 
This choice, limited in computational complexity, slowed down the re-
search of a computational model for the skin until the early 90s. With 
Chapter 5 
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innovations in computer science, engineering softwares has been devel-
oped and FE simulation of skin behaviour has become possible. In 2003 
Hendriks and his team developed a numerical-experimental method to 
characterize the non-linear mechanical behaviour of human dermis sub-
jected to suction tests (Hendriks, et al., 2003). A finite element model 
exhibiting extended Mooney material behaviour was used, finding a good 
agreement between computational and experimental outputs. Molinari 
et al. used the hyperelastic model implemented by Tong & Fung (1976) 
to simulate the biomechanical behaviour of the skin using data from a 
virtual surgery (Molinari, et al., 2005). Moreover, the Arruda-Boyce hy-
perelastic constitutive model was used to model the mechanical behavior 
of soft tissues subjected to indentation (Liu, et al., 2004). Also the me-
chanical properties of human skin in vivo were evaluated integrating 
experimental data and the Ogden hyperelastic model (Manan, et al., 
2012; Evans & Holt, 2009). 
The hyperelastic models found application in the description of dif-
ferent biological tissues like brain tissue (Miller & Chinzei, 2002) and  
face soft tissue (Chabanas, et al., 2004). This interesting last work pro-
posed to simulate the morphological outcomes of maxillofacial surgery 
comparing different modelling options. The great strength of this study, 
however, is the validation procedure based on a comparison of the sim-
ulations with the post-operative CT scan. In fact, the assessment of the 
simulations quality is one of the most important issue in soft tissue mod-
elling, but despite many models were proposed in the literature, few 
works present satisfying validation procedures.  
In this chapter, four different models were implemented, and an eval-
uation procedure was carried out based on a quantitative comparison of 
the simulation results with parameters extracted from the experimental 
uniaxial tests. 
5.1.1 The nonlinear analysis 
In mechanics, it is often assumed that the displacements are small 
compared to the characteristic size of the structure and that the defor-
mations are infinitesimal, so that the measure of the deformation can be 
  
 
5.1 Introduction 
91 
 
obtained as the symmetric part of the displacement gradient. The equi-
librium equations are thus written directly on the undeformed configu-
ration of the body. Furthermore, typically it is assumed that the rela-
tionship between the stress and the deformation is linear elastic. Under 
the above assumptions, the analysed problem will be considered linear. 
It follows that for this kind of problems, the implemented finite element 
method turns out to be a linear algebraic system. Sometimes, however, 
it is not possible to take as valid these linearity hypotheses with good 
approximation. In fact it may happen that the structure subjected to a 
solicitation becomes significantly deformed. In these cases it is not ap-
propriate to consider the deformations as infinitesimal, and consequently 
it is not permissible to write the equilibrium equations on the unde-
formed configuration. It’s then necessary to take into account the non-
linearity and to impose the equilibrium on the deformed configuration, 
which is not known a priori and constitutes an unknown variable of the 
structural problem. In this case the problem becomes non-linear and this 
nonlinearity is generally called geometric nonlinearity.  
Another issue is that typically, materials exhibit a linear elastic be-
haviour in a limited range of stress and strains. Exceeded a certain de-
formation value, the material constitutive equation is not linear any-
more. Even in this case, the structural equilibrium problem becomes non-
linear and this nonlinearity is generally called material nonlinearity. 
Lastly, there is a final kind of non-linearity which is the contact non-
linearity. It takes into account changes in the boundary conditions of 
the structures involved in the analysis.  
Dealing with biological tissues subjected to ex vivo uniaxial solicita-
tion, the geometric and material nonlinearities are the main challenges 
to face. In fact, during the test the specimen undergoes very large defor-
mations, and consequently the load-deformation curve becomes highly 
non-linear.  
5.1.2 Hyperelasticity 
The hyperelastic materials are a particular class of elastic materials 
which respond elastically when subjected to very large strains. Hence 
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they account both for nonlinear material behaviour and geometric non-
linearity (large shape changes). They find application in describing elas-
tomers (vulcanized rubber and synthetic polymers) and some biological 
materials. This materials shows a microstructure of chain-line molecules, 
which confers an isotropic behaviour at small deformations and an ani-
sotropic behaviour at larger deformation, as the molecule chains realign 
to the loading direction. Under an essentially monotonic loading condi-
tion, however, many of these materials can be approximated as isotropic. 
Nevertheless, some classes of hyperelastic materials cannot be modeled 
as isotropic, such as biomaterials. The typical volumetric behaviour of 
hyperelastic materials can be grouped into two classes: materials (such 
as polymers) which have small volumetric changes during deformation 
and these are incompressible or nearly-incompressible materials; materi-
als (such as foams) which can experience large volumetric changes during 
deformation, and these are compressible materials. 
The hyperelastic material constitutive models are derived from 
strain-energy potentials that are functions of the deformation invariants. 
An exception is the response function model which obtains the constitu-
tive response functions directly from experimental data (Ansys Inc., 
2013a). The strain-energy potential is expressed as a function of the 
strains invariants, which in turn can be expressed in function of the 
stretches. In any deformation state, there are relations which correlate 
the stretches along different directions. 
As an example, let’s consider the uniaxial case examined in this 
study. The invariants of the Cauchy-Green deformation tensor (Equa-
tion 5.1) are described by Equations 5.2. 
[𝐶] = [
𝜆1
2 0 0
0 𝜆2
2 0
0 0 𝜆3
2
] 
Equation 5.1 
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𝐼1 = 𝜆1
2 + 𝜆2
2 + 𝜆3
2 
𝐼2 = 𝜆1
2𝜆2
2 + 𝜆2
2𝜆3
2 + 𝜆3
2𝜆1
2 
𝐼3 = 𝜆1
2𝜆2
2𝜆3
2 
Equations 5.2 
Assuming an incompressible behaviour of the material it will follow 
that the third invariant will always be equal to 1 (Equation 5.3): 
𝜆1
2𝜆2
2𝜆3
2 = 1 
Equation 5.3 
For a uniaxial strain state, the ratio of the stretches along the direc-
tions orthogonal to the test axis will be identical: 
𝜆1 = stretch along the test axis 
𝜆2 = 𝜆3 = stretches in the two orthogonal directions 
𝜆2𝜆3 = 𝜆1
−1 
𝜆2 = 𝜆3 = 𝜆1
−
1
2 
Equations 5.4 
Therefore, for a uniaxial tensile, the first and the second invariants 
will be: 
𝐼1 = 𝜆1
2 + 2𝜆1
−1 
𝐼2 = 2𝜆1 + 𝜆1
−2 
Equation 5.5 
These invariants and stretches definitions are the starting point for 
the discussion of the two hyper-elastic models used in this work: the 
Mooney-Rivlin model and the Ogden model. 
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5.1.2.1. Mooney-Rivlin model 
The form of the strain energy potential for the Mooney-Rivlin hyper-
elastic model is: 
𝑊 = ∑ 𝐶𝑖𝑗(𝐼1 − 3)
𝑖(𝐼2 − 3)
𝑗 +∑
1
𝐷𝑖
(𝐽𝑒𝑙 − 1)
2𝑖
𝑁
𝑖=1
𝑁
𝑖,𝑗=0
 
Equation 5.6 
with 𝐶00 = 0 and 𝐽𝑒𝑙 = 1 if the material is incompressible. 
In a 5 constant model, 𝑁 = 2 and the strain energy potential will be: 
𝑊 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) + 𝐶20(𝐼1 − 3)
2 + 𝐶11(𝐼1 − 3)(𝐼2 − 3)
+ 𝐶02(𝐼2 − 3)
2 
Equation 5.7 
Recalling the relationship between invariant and stretch for a case of 
uniaxial tension expressed in the previous paragraph (Equation 5.5), the 
engineering stress formulation will be: 
𝜎𝑒 = 2(𝜆 − 𝜆
−2) (
𝜕𝑊
𝜕𝐼1
+
1
𝜆
𝜕𝑊
𝜕𝐼2
) 
Equation 5.8 
where 𝜎𝑒 = engineering stress, 𝑊 = strain energy, 𝜆 = stretch parallel 
to 𝜎𝑒 and 𝐼1, 𝐼2 = strain invariants. 
Replacing the strain invariants (Equation 5.5) in the stress formula-
tion relation (Equation 5.8) the final stress-stretch relation can be ob-
tained: 
𝜎𝑒 = 2(𝜆 − 𝜆
−2)[𝐶10 + 2𝐶20(𝐼1 − 3) + 𝜆
−1𝐶01 + 2𝜆
−1𝐶02(𝐼2 − 3)
+ 𝐶11(𝐼2 − 3 + 𝜆
−1𝐼1 − 3𝜆
−1)]
= 2(𝜆 − 𝜆−2)[𝐶10 + 𝜆
−1𝐶01 + 2𝐶20(𝜆
2 + 2𝜆−1 − 3)
+ 2𝐶02(2𝜆 + 𝜆
−2 − 3) + 3𝐶11(𝜆 − 1 − 𝜆
−1 + 𝜆−2)] 
Equation 5.9 
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The commercial FE software used for the analysis (Ansys Mechanical 
APDL 14.5) considers some stability verifications for the Mooney-Rivlin 
hyperelastic material. 
A nonlinear material is stable if the secondary work required for an 
arbitrary change in the deformation is always positive:𝜕𝜎𝑖𝑗𝜕𝜀𝑖𝑗 > 0, 
where 𝜕𝜎𝑖𝑗 is the change in the Cauchy stress tensor corresponding to a 
change in the logarithmic strain 𝜕𝜀𝑖𝑗 (Gorash, et al., 2015). Since the 
change in stress is related to the change in strain through the material 
stiffness tensor, checking for stability of a material can be more conven-
iently accomplished by checking for the positive definiteness of the ma-
terial stiffness. The stability check is carried out through the check of 
the list of relations between the model constants shown in Table 5.1. 
Table 5.1 Stability condition for the hyperelastic Mooney-Rivlin model 
 Stability condition 
𝑪𝟏𝟎 + 𝑪𝟎𝟏 > 𝟎 
𝑪𝟐𝟎 > 𝟎 
𝑪𝟎𝟐 < 𝟎 
𝑪𝟐𝟎 + 𝑪𝟏𝟏 + 𝑪𝟎𝟐 > 𝟎 
5.1.2.2. Ogden model 
The strain-energy potential of the Ogden compressible foam model is 
based on the principal stretches of left-Cauchy strain tensor similarly to 
the Mooney-Rivlin model and has the form: 
𝑊 =∑
𝜇𝑖
𝛼𝑖
(𝜆1
𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3
𝛼𝑖 − 3)
𝑁
𝑖=1
+∑
1
𝑑𝑘
(𝐽𝑒𝑙 − 1)
2𝑘
𝑁
𝑘=1
 
Equation 5.10 
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For an incompressible material, 𝐽𝑒𝑙 = 1 and 𝐼3 = 1, hence Equation 
5.10 becomes: 
𝑊 =∑
𝜇𝑖
𝛼𝑖
(𝜆2
𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆1
−𝛼𝑖𝜆2
𝛼𝑖 − 3)
𝑁
𝑖=1
 
Equation 5.11 
Considering the uniaxial case: 
𝑊 =∑
𝜇𝑖
𝛼𝑖
(𝜆𝛼𝑖 + 𝜆−
𝛼𝑖
2 + 𝜆−𝛼𝑖𝜆
𝛼𝑖
2  − 3)
𝑁
𝑖=1
=∑
𝜇𝑖
𝛼𝑖
𝑁
𝑖=1
(𝜆𝛼𝑖 + 2𝜆−
𝛼𝑖
2 − 3) 
Equation 5.12 
Therefore, the final engineering stress-stretch relation will be: 
𝜎𝑒 =
𝜕𝑊
𝜕𝜆
=∑𝜇𝑖 (𝜆
𝛼𝑖−1 − 𝜆−
𝛼𝑖
2 −1)
𝑁
𝑖=1
=∑𝜇𝑖 (𝜆
𝛼𝑖−1 − 𝜆−(1+
𝛼𝑖
2 ))
𝑁
𝑖=1
 
Equation 5.13 
The 4th order Odgen model used in this work is thus described by 
Equation 5.14. 
𝜎𝑒 = 𝜇1 (𝜆
𝛼1−1 − 𝜆−(1+
𝛼1
2 )) + 𝜇2 (𝜆
𝛼2−1 − 𝜆−(1+
𝛼2
2 ))
+ 𝜇3 (𝜆
𝛼3−1 − 𝜆−(1+
𝛼3
2 )) + 𝜇4 (𝜆
𝛼4−1 − 𝜆−(1+
𝛼4
2 )) 
Equation 5.14 
5.1.2.3. Least squares fit analysis 
As can be seen in Equation 5.8 the deviatoric stress is determined 
solely by the deformation and the derivatives of the elastic potential 
function. These derivatives are called the response functions and they 
can be determined directly from experimental data, bypassing the need 
to fit the potential function parameters to the experimental data. The 
experimental data consists of the measured deformation and stress so 
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that the only unknowns in the constitutive equations are the response 
functions. Ansys Reference Manual recommends that this test data 
should be taken from several modes of deformation over a wide range of 
strain values. In fact, it has been observed that to achieve stability, the 
material constants should be fit using test data in at least as many de-
formation states as will be experienced in the analysis. In this work, the 
considered stress-strain data came solely from uniaxial tests, but, being 
the deformation state re-created in the finite element model purely uni-
axial, the parameter extraction was considered accurate. 
The curve fitting process is based upon a regression analysis which 
uses the computational method called least squares method. The method 
used the minimization of the sum of squared error (SSE) between exper-
imental and Cauchy predicted stress values. This sum of the squared 
error (error norm) is defined by: 
𝐸𝑟𝑟 =∑𝑤𝑖[𝜎𝑖
𝑒𝑥𝑝 − 𝜎𝑖
𝑒𝑛𝑔
(𝑐𝑗)]
2
𝑛
𝑖=1
 
Equation 5.15 
where 𝐸𝑟𝑟 is the least square residual error, 𝜎𝑖
𝑒𝑥𝑝
 are the experimental 
stress values, 𝜎𝑖
𝑒𝑛𝑔
 are the engineering stress values (function of the hy-
perelastic material constants), 𝑛 is the number of experimental data 
points and 𝑤𝑖 are the weights associated with different data point. If the 
error is normalized the same weight (𝑤𝑖 = 1) is associated to each data 
point. Equation 5.15 is minimised by setting the variation of 𝐸𝑟𝑟 to 
𝜕𝐸𝑟𝑟2 = 0. This generate a system of equations which are used to extract 
the hyperelastic constants: 
{
 
 
 
 
𝜕𝐸𝑟𝑟2
𝜕𝑐1
= 0
𝜕𝐸𝑟𝑟2
𝜕𝑐2
= 0
𝑒𝑡𝑐.
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5.2 Materials and Methods 
As previously mentioned, the Ansys Mechanical APDL software has 
been used for the finite element analysis. It comprises all recently devel-
oped hyperelastic models in its material library and it is also equipped 
with a curve fitting tool for the estimation of the material constants by 
inputting user’s experimental data.  
Four different finite element models were thus implemented for four 
experimental stress-strain uniaxial curves (extracted from the described 
in Chapter 2), in both compressible and incompressible conditions: 
- Linear elastic model; 
- Linear elastic model with geometric nonlinearity (from here 
on called ‘Linear GNL’); 
- 5 parameters Mooney-Rivlin model; 
- 4th order Ogden model. 
On the whole, 32 models were obtained, with few lacking data which 
will be detailed afterwards. 
5.2.1 FE model optimization 
 
 
 
 
 
 
A preliminary study was carried 
out to optimize the FE model for 
what concerns discretization and 
boundary conditions. The starting 
geometry was a 5x5x3-mm parallele-
piped (Figure 5.1). 
 
 
Figure 5.1 Starting geometry. 
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Elements and Mesh 
The element choice was guided by the material application and the 
tridimensional geometry. Ansys has two structural elements which sup-
ports hyperelasticy: solid185 and solid186. Both of them are 3D solid 
elements that exhibits quadratic displacement behaviour. They have 
three degrees of freedom per node: the translations along the x, y and z 
directions. The main difference in the node number: 8 nodes for the 
solid185 element (one node for each vertex) and 20 nodes for the solid186 
element (one node for each vertex and one node for each line middle 
point) (Figure 5.2).  
 
 
Figure 5.2 Solid185 and Solid186 element configuration (Ansys Inc., 2013b). 
 
A sensitivity analysis was thus conducted in order to choose the type 
of element and to optimize the size of the mesh (Table 5.2). Four differ-
ent element dimensions for the two element types were imposed, consid-
ering an external load (10 N) applied to the specimen upper surface. 
Both a linear material and a Mooney-Rivlin hyperelastic material were 
considered. The outputs considered were the upper surface displacement 
and the mean stress in the middle plane of the specimen (y = 2.5 mm). 
Despite the results to the linear model do not show substantial differ-
ences between the two elements, solid185 element does not appear suit-
able to obtain the convergence of the results for the hyperelastic model 
with the considered element edge length. Regarding the mesh size, the 
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goal is to seek a compromise between accuracy and computational times. 
Larger elements, and therefore a smaller number of elements which de-
scribe the behaviour of the entire geometry, not only reduce the results 
accuracy but also prejudice the simulation convergence at larger strains 
due to element distortions. Conversely very small elements greatly in-
crease the computation time, and does not always help the simulation 
convergence.  
Table 5.2 Sensitivity analysis results for the linear elastic model and the Mooney-
Rivlin hyperelastic model. 
Linear Elastic Model 
 solid186 solid185 
Element 
Edge 
Length 
Displacement 
[mm] 
Mean stress 
[MPa] 
Displacement 
[mm] 
Mean stress 
[MPa] 
1 mm 0.812 0.610 0.834 0.611 
0.5 mm 0.821 0.620 0.815 0.632 
0.25 mm 0.821 0.634 0.822 0.621 
0.2 mm 0.821 0.629 0.826 0.625 
Mooney-Rivlin Hyperelastic Model (5 parameters) 
 solid186 solid185 
Element 
Edge 
Length 
Displacement 
[mm] 
Mean stress 
[MPa] 
Displacement 
[mm] 
Mean stress 
[MPa] 
1 mm 1.530 1.787 1.477 1.960 
0.5 mm 1.530 1.795 1.515 1.800 
0.25 mm 1.530 1.787 1.526 1.790 
0.2 mm 1.529 1.785 1.530 1.788 
 
Figure 5.3 Solid186 mesh (0.25 
mm element edge length). 
 
After due consideration, the 
chosen element was the solid186 
with an element edge length of 
0.25mm (Figure 5.3). Under these 
conditions, for a 5x5x3 mm model, 
21945 nodes and 4800 elements 
were obtained. 
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Boundary conditions: constraints 
In order to simulate the conditions of a uniaxial test, all the degrees 
of freedom of the lower surface of the model were totally constrained. 
The upper surface was left free to move only in the vertical direction, 
thus constraints in the horizontal plane were imposed.  
The imposition of the vertical movement was done through the ap-
plication of a constant force to a master node to which were connected 
the nodes belonging to the upper surface (slave nodes). This procedure 
can be carried out in Ansys using two different commands, which are 
not interchangeable. For the linear models Ansys provides the CERIG 
command, while nonlinear models require the use of the MPC184 com-
mand (Ansys Inc., 2013c). Wanting to carry out a comparative analysis 
of linear and nonlinear models, boundary conditions should be identical. 
That's why the behaviour of the two commands was investigated. 
The CERIG command defines a rigid region (the upper surface in 
this case) by automatically generating constraint equations to relate 
nodes in the region, and connect them to a geometric location. The re-
striction of this command is having six degrees of freedom per node (six 
rigid body motions in the global Cartesian space). If the elements used 
doesn’t satisfy this hypothesis (like in the solid186 case) a mass point 
having six degree of freedom can be build. This latter will be used as the 
master node (Figure 5.4a). 
The MPC184 command comprises a general class of multipoint con-
straint element that apply kinematic constraints between nodes. This 
elements are divided into “constraint elements” (e.g. rigid link) and “joint 
element” (e.g. revolute), and they all have six degree of freedom. For our 
purpose a simple rigid links is enough, and this modality can be selected 
by choosing KEYOPT(1)=0. For this configuration an external node, 
centered with respect to the upper surface, should be define. This 
node will be used as the master node, to which all the slave nodes 
will be connected individually. In this way, the force applied to the 
master will be transmitted to all other nodes (Figure 5.4b). 
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Figure 5.4 Upper surface constraint imposed using a) the CERIG command and b) 
the MPC184 command. 
The MPC184 command is unusable in the linear case, in fact it 
doesn’t accept the NLGEOM,OFF command. Conversely, the CERIG 
command seems not to give problems in the nonlinear case, since the 
simulation reaches convergence. Despite this, a warning message is dis-
played: “Constraint equations may not be valid for elements that un-
dergo large deflections.”  
A comparison between the two commands for a nonlinear case 
(Mooney-Rivlin hyperelastic method) was performed anyway. Compar-
ing the results obtained with the CERIG command in the nonlinear cases 
with the corresponding results obtained with the MPC184, there are no 
difference either in terms of displacement or in terms of stress distribu-
tions, as can be appreciated considering Figure 5.5. However, it is pref-
erable to use each approach for the specific situation it was implemented 
on. Thus, the CERIG command was used only for the linear case. 
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Figure 5.5 σy [MPa] distributions in the a) CERIG and b) MPC184 case for a 
Mooney-Rivlin model. 
Boundary conditions: loads 
The magnitude of the load applied to the master node has been de-
termined according to the experimental curves (Figure 5.6) and the con-
vergence issues, mainly generated by the elastic model with geometric 
nonlinearities. 
 
 
Figure 5.6 Experimental load-displacement curves. 
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A realignment of the forces was carried out and the displacement 
was set equal to zero when a 0.25N force was recorded. Considering a 
new zero in the displacement axis implied the update of the initial ge-
ometry, due to the changed initial conditions in terms of specimens 
length and cross-section, which were extrapolated from the synchronized 
images captured throughout the tensile tests. A 10N load was then cho-
sen and applied to each model (Figure 5.7). 
 
Figure 5.7 Experimental load-displacement curves cutted to the maximum load 
considered. 
5.2.2 Material Properties 
 
Figure 5.8 Experimental engineering stress-strain curves. 
  
 
5.2 Materials and Methods 
105 
 
The material definition for all the implemented models came from 
the engineering stress-strain curves (Figure 5.8). 
Linear elastic model and linear elastic model with geometric nonlinearity 
Linear elastic models require two input values for the material defi-
nition: the Young modulus and the Poisson’s ratio. These values were 
calculated in correspondence of a 10N force, through linear regression 
(Figure 5.9). As previously mentioned, both compressible and incom-
pressible models were implemented. In the linear case the incompressi-
bility is realised through imposing 0.5 Poisson’s ratio. Ansys maximum 
accepted value for the Poisson’s ratio is 0.499̅, thus 0.499 value was 
setted. 
 
Figure 5.9 Linear material parameters for the four experimental curves cutted at 
10N (compressible case). 
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Mooney-Rivlin model 
The Mooney-Rivlin parameters were obtained through the Ansys 
curve fitting tool as explained in Par. 5.1.2.3. A 5 parameters model was 
considered since it satisfactory fitted the experimental data (Figure 
5.10). Also in this case a distinction must be made between the com-
pressible and thr incompressible case. In the incompressible model only 
five material constant are required (C01, C10, C11, C02, C20), while 
the  incompressibility parameter 𝑑 is set to zero. Therefore in this case 
the engineering stress-strain curve is sufficient to describe the material. 
Without the assumption of complete material incompressibility, an ad-
ditional volumetric test would be necessary. This test (Pressure-Volume-
Temperature test – PVT test) characterizes the compressibility and vol-
umetric expansion of the material by measuring the change in volume of 
the test sample due to a change in pressure (or temperature). The re-
sultant volumetric strain-hydrostatic stress curve slope is the bulk mod-
ulus (hydrostatic stress = - bulk modulus * volumetric strain). The 
Mooney-Rivlin model have a single incompressibility constant 𝑑 in the 
volumetric term of the strain-energy potential. If a straight line is fit 
through the PVT test data, the incompressibility parameter 𝑑 can be 
calculated from the following relationship to the bulk modulus 𝐾: 
𝑑 =
2
𝐾
 
Equation 5.16 
where 
 𝐾 =
𝐸
2(1−2𝜈)
 
Equation 5.17 
Not being available the volumetric strain - hydrostatic stress curve, 
𝑑 was estimated through the Poisson's ratio used for the linear com-
pressible model. 
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Ogden model 
The eight parame-
ters needed to describe 
the incompressible 4th 
order Ogden model 
was evaluated from 
the engineering stress-
strain curve through 
the fitting process pre-
viously described (Fig-
ure 5.10).  
For the compressi-
ble model implemen-
tation a higher order 
fit was desired for the 
incompressibility pa-
rameterd. This implies 
the use of the volu-
metric strain - hydro-
static stress curve, to 
perform a further 
curve fitting. In fact, 
for a 4th order Ogden 
model, the volumetric 
component will con-
tain four incompressi-
bility terms: d1, d2, d3 
and d4. 
 
Figure 5.10 Curve fitting results for all stress-strain  
curves considered (incompressible case). 
A one term approximation wasn’t feasible in this case, hence the 
compressible Ogden model was excluded from the analysis. Tables 5.3-
5.6 summarize the models parameters for the four experimental curves. 
Initial geometry, mesh entities and materials parameters are listed, to-
gether with the experimental curve used.  
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Table 5.3 Models details of specimen #1. 
 
 
Geometry 
Thickness  2.219 [mm] 
Width 4.093 [mm] 
Length 6.447 [mm] 
Mesh 
#nodes 18504 
#elements 3978 
Materials properties 
Linear elastic/Linear GNL 
Compressible E=2.548 [MPa] ν=0.376 
Incompressible E=2.548 [MPa] ν=0.499 
Mooney-Rivlin model 
 C10 C01 C20 C11 C02 d 
Compressible -9.217 9.610 141.657 -361.598 238.867 0.584 
Incompressible -9.217 9.610 141.657 -361.598 238.867 0 
Ogden model  
Incompressible 
μ1 α1 μ2 α2 
-63.128 1.760 -61.449 1.755 
μ3 α3 μ4 α4 
47.352 2.630 199.010 0.478 
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Table 5.4 Models details of specimen #2. 
 
 
Geometry 
Thickness  1.477 [mm] 
Width 4.434 [mm] 
Length 6.242 [mm] 
Mesh 
#nodes 13023 
#elements 2700 
Materials properties 
Linear elastic/Linear GNL 
Compressible E=5.145 [MPa] ν=0.330 
Incompressible E=5.145 [MPa] ν=0.499 
Mooney-Rivlin model 
 C10 C01 C20 C11 C02 d 
Compressible -21.265 21.978 847.920 -2030.700 1240.00 0.396 
Incompressible -21.265 21.978 847.920 -2030.700 1240.00 0 
Ogden model  
Incompressible 
μ1 α1 μ2 α2 
-173.710 2.002 -173.000 2.003 
μ3 α3 μ4 α4 
130.540 3.005 560.120 0.542 
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Table 5.5 Models details of specimen #3. 
 
 
Geometry 
Thickness  1.514 [mm] 
Width 4.269 [mm] 
Length 5.758 [mm] 
Mesh 
#nodes 14373 
#elements 3024 
Materials properties 
Linear elastic/Linear GNL 
Compressible E=6.838 [MPa] ν=0.160 
Incompressible E=6.838 [MPa] ν=0.499 
Mooney-Rivlin model 
 C10 C01 C20 C11 C02 d 
Compressible -32.908 33.908 1978.700 -4648.000 2770.500 0.597 
Incompressible -32.908 33.908 1978.700 -4648.000 2770.500 0 
Ogden model  
Incompressible 
μ1 α1 μ2 α2 
-72738 0.884 -15658 2.0741 
μ3 α3 μ4 α4 
46124 1.610 109730 0.2057 
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Table 5.6 Models details of specimen #4. 
 
 
Geometry 
Thickness  1.608 [mm] 
Width 3.407 [mm] 
Length 5.884 [mm] 
Mesh 
#nodes 11305 
#elements 2352 
Materials properties 
Linear elastic/Linear GNL 
Compressible E=4.299 [MPa] ν=0.380 
Incompressible E=4.299 [MPa] ν=0.499 
Mooney-Rivlin model 
 C10 C01 C20 C11 C02 d 
Compressible -11.350 11.941 122.500 -317.730 215.800 0.335 
Incompressible -11.350 11.941 122.500 -317.730 215.800 0 
Ogden model  
Incompressible 
μ1 α1 μ2 α2 
-36075 0.740 -7639.100 1.722 
μ3 α3 μ4 α4 
22643 1.341 54986 0.173 
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5.2.3 Data Elaboration 
The outputs of the simulations were analyzed and compared with 
experimental data through three parameters: the upper surface displace-
ment (elongation), the necking area and the mean stress along the ver-
tical direction evaluated in the specimen middle section. 
The upper surface displacement was the imposed condition for the 
experimental tests (see Chapter 2), while in the finite element analysis 
is an output consequence of the application of the load.  
The necking area was extracted from the specimen transversal middle 
plane. In particular, the nodes of the perimeter were exported from An-
sys and a numerical integration was performed in the Matlab environ-
ment. Results were compared with the experimental area measured 
through photogrammetry set up. It’s recalled that the images from two 
orthogonal directions were captured during the experimental tests, with 
a frame rate of 0.33 Hz (Par. 2.3.2). Width and thickness of the specimen 
were then evaluated and, approximating the section to a rectangle, the 
area over time curve was obtained. 
The mean stress 𝜎𝑦 is the ratio between the load and the cross-section 
(i.e. the necking area). It was evaluate from the experimental data con-
sidering the true curves (Par. 2.3.4).  
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5.3 Results and Discussion 
The general output of the finite element analysis are displacements 
and stress information for a deformed geometry. In the current study, 
displacements (in terms of deformed shape) and stresses were used to 
determine the best model through a comparison with the deformed 
shapes and the global stresses resulting from the experimental tests.  
The outputs parameters of all the simulations are represented speci-
men by specimen in the following paragraphs. It was decided to represent 
data separately for each specimen, because of their high variability, both 
in terms of size and characteristic curves.  
In the following histograms three groups of bars, relative to the three 
considered parameters, contain the information of the four models, which 
should be compared with the experimental results depicted in white. It 
can be noted in some cases the absence of results regarding the linear 
GNL (linear elastic with geometric nonlinearity) model. This is due to 
the impossibility of producing a converged solution when analyzing a 
linear material model which involves large deformation in a nonlinear 
system of equations. In fact, the geometric nonlinearity produced an ex-
cessive elements distortion: it can be noted a general trend to achieve 
greater elongations (and consequently lower necking areas) for linear 
models which enable large deformations. Less distortions were found in 
the hyperelastic models, which didn’t have troubles to converge under 
any circumstances. Obviously, the convergence of the linear model is 
granted. 
Regarding the linear GNL models, specimen #1 only bore 82.4% of 
the applied force (8.24 N) in the incompressible case, and 95.5% (9.55 
N) in the compressible case. Specimen #4 linear GNL models obtained 
convergence only for 79.5% of the applied force (7.95 N) in the incom-
pressible case, but succeeded to converge in the compressible case, 
though reaching high elongations, and therefore high element distortions. 
It is recalled that the compressible Ogden model was excluded from 
consideration (Par. 5.2.2). 
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5.3.1 Specimen #1 
Incompressible models 
 
Compressible models 
 
Figure 5.11 Specimen #1 parameter results for incompressible (top) and compress-
ible (bottom) models. 
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5.3.2 Specimen #2 
Incompressible models 
 
Compressible models 
 
Figure 5.12 Specimen #2 parameter results for incompressible (top) and compress-
ible (bottom) models. 
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5.3.3 Specimen #3 
Incompressible models 
 
Compressible models 
 
Figure 5.13 Specimen #3 parameter results for incompressible (top) and compress-
ible (bottom) models. 
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5.3.4 Specimen #4 
Incompressible models 
 
Compressible models 
 
Figure 5.14 Specimen #4 parameter results for incompressible (top) and compress-
ible (bottom) models. 
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Besides numerical values, further considerations can be extracted 
from the analysis of obtained deformed shapes. The deformed shape of 
the incompressible and the compressible models are represented in the 
following by: 
- the projection of the deformed shape of the four models in the 
frontal plane, with the indication of the initial undeformed 
geometry (black square) (Figure 5.15 left); 
- the necking area perimeters extracted from the models middle 
plane, with the indication of the initial undeformed cross-sec-
tion (black square) (Figure 5.15 right). 
 
Figure 5.15 Deformed shapes and necking areas for the four models in the incom-
pressible (top) and compressible (bottom) cases. Results are referred to specimen #2. 
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Figure 5.16 Specimen #2, incompressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
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Figure 5.17 Specimen #2, compressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
Figures 5.16 and 5.17 show the σy distributions in the necking area. 
Quantitatively speaking, all nonlinear models reach higher stress values 
than the linear elastic model. This is due to the stress calculation method 
in the linear elastic model. In fact, it uses the undeformed cross-section, 
being its main hypothesis the presence of only small deformations. This 
assumption leads to the underestimation of the average value of stress, 
which occurs systematically in all linear models results (Figures 5.11-
5.14). On the contrary, the linear GNL model always overestimate the 
average stress value. This happens due to the large deformations in terms 
of elongation, and consequently in terms of necking, which take place in 
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these types of models. The two hyperelastic models reach similar stress 
mean values in correspondence of the necking area. However, the stress 
distributions in the core of the specimen are totally different: the Ogden 
model shows a large volume of the model having a quite constant stress 
value, while the Mooney-Rivlin model shows a characteristic distribution 
constituted by two symmetrical regions with higher stress values, sur-
rounded by lower values of stress that extend to the very core of the 
specimen. 
Figures 5.11, 5.12 and 5.13 shows the specimen #2 results. The latter 
was taken as an example, since it produced a converged solution for all 
models. To simplify the discussion, the results concerning the other three 
specimens are represented in the Supplementary Material section (Par. 
5.6). 
Considering all the results as a whole, a comparison can be made 
considering the percentage errors committed by each model with respect 
to the experimental test, showed in Figures 5.18 and 5.19. The linear 
elastic models have relatively low errors, but this result falls within the 
expectations. In fact, the linear material was built exactly on the stress-
strain point corresponding to the imposed boundary condition (F=10N). 
So it is obvious to fall into an acceptable result in terms of the parame-
ters related to the deformations outputs. As mentioned, however, an 
underestimation of the stress values is obtained, and it should be remem-
bered that this linear models would lead to higher errors imposing dif-
ferent boundary conditions (being equal the material parameters). The 
linear GNL model, which enable large deformations, causes an overesti-
mation of the elongation parameter, which ranges between the 35153% 
of the experimental value. Lower percentage errors are committed in the 
compressible case, and this is the reason why the compressible linear 
GNL models produce more easily a converged solution then the incom-
pressible ones. 
Finally, the hyperelastic models shows lower errors with respect to 
the experimental results, except for the Mooney-Rivlin compressible 
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model. The simplifying assumptions made for the definition of the com-
pressibility is therefore deleterious to the model, and it is thus preferable 
the choice of an incompressible model. 
 
Figure 5.18 Percentage errors committed by each incompressible model with re-
spect to the experimental results. 
 
Figure 5.19 Percentage errors committed by each compressible model with respect 
to the experimental results. 
Table 5.7 lists the average percentage errors for each model. It is 
clear that despite the linear GNL model shows lower average percentage 
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errors for two parameters out of three (necking area and the mean σy), 
the high overestimation of the third parameter makes the model not 
suitable to the description of the uniaxial solicitation of a biological spec-
imen. Conversely, the Ogden incompressible model showed on average 
behaviour close to the experimental reality. 
Table 5.7 Average percentage errors in relation to the experimental results for 
each incompressible (I.) and compressible (C.) model. 
 Linear Elastic 
Linear Elastic 
GNL 
Mooney-Rivlin Ogden 
 I. C. I. C. I. C. I. 
Elongation 10.47% 17.33% 94.27% 91.35% 7.545% 18.46% 3.84% 
Necking Area 8.57% 8.34% 14.72% 7.18% 7.67% 16.92% 6.17% 
Mean σy 28.74% 28.37% 17.23% 6.15% 9.62% 14.48% 6.55% 
 
The final point of interest regards the comparison between the global 
and the local deformation of the specimen. In fact, in a uniaxial experi-
mental test it is usually considered a global behavior through a stress-
strain curve evaluated from the global displacement of the upper cross-
head of the testing machine (namely, the upper surface of the specimen) 
and the load recorded by the testing machine sensors. This is the typical 
procedure for the isotropic materials in which, with a good approxima-
tion, the overall behavior can be correlated to the local one. Anyway, it 
is not always applicable in cases where the material is highly anisotropic. 
That's why the identification of the regions in which the local and global 
deformations coincide is of great interest. Considering specimen #2 as a 
representative example, Table 5.8 lists the global deformations evaluated 
from the initial and final specimen lengths of both the experimental data 
and the finite element models.  
Table 5.8 Global deformations calculated from the initial and final specimen length 
(I. = incompressible models; C.= compressible models). 
 Experimental Linear Elastic 
Linear Elastic 
GNL 
Mooney- 
Rivlin 
Ogden 
I. 
23.4 % 
27.0% 53.9% 22.0% 22.6% 
C. 28.6% 43.5% 29.0% - 
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Analysing the local εy distributions in the hyperelastic incompressi-
ble models (Figure 5.20), a large volume of the specimen core has a 
deformation comparable to the global one (23.4%). Each other model 
has only small areas near the constraint points with deformations in the 
range 0.2-0.25, while in the core region higher strain values are reached. 
 
Figure 5.20 Specimen #2: εy distribution in the range comprised between 20-25% 
for the incompressible (left) and compressible (right) models. All images represent a 
longitudinal section of the model. 
These results shows once again the more realistic behaviours of the 
incompressible hyperelastic models. 
5.4 Conclusions 
This work has exploited four uniaxial experimental data set to sys-
tematically implement and validate linear and nonlinear finite element 
models. The objective was not only to determine models parameters, but 
more importantly, to investigate the effects of different nonlinearities on 
three output parameters obtainable from experimental tests (defor-
mation and global stress). It was found that the results obtained from 
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the hyperelastic models well represent the experimental situation, and 
in particular the incompressible Odgen model shows less than 7% per-
centage variations for all the considered parameters. It was then con-
firmed the inadequacy of the linear models to describe the behaviour of 
a biological material like dermis. In fact, either with a linear elastic 
model or with a linear model which enable the geometric nonlinearities, 
an acceptable solution can be found only calibrating the material param-
eters (elastic modulus and Poisson’s ratio) on the applied load. Besides, 
the linear GNL model generates high distortions of the elements, which 
compromise the convergence of the simulation. 
Despite the Ogden hyperelastic model resulted adequate to the de-
scription of a dermis specimen subjected to a uniaxial stress, it is based 
on an isotropic assumption which is in contrast with the biological ma-
terials high anisotropy. Thus, although the description of a specific state 
of stress could be appropriate, this will not be true with more complex 
stress configurations.  
Nevertheless, the incompressible Ogden model is suitable for the de-
scription of the dermis behaviour when the isotropic assumption holds, 
such as in small deformation conditions. 
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5.6 Supplementary Material 
Incompressible models 
 
Figure 5.21 Deformed shape of the incompressible models for the specimen #1. 
 
Compressible models 
 
Figure 5.22 Deformed shape of the compressible models for the specimen #1. 
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Incompressible models 
 
Figure 5.23 Deformed shape of the incompressible models for the specimen #3. 
 
Compressible models 
 
Figure 5.24 Deformed shape of the compressible models for the specimen #3. 
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Incompressible models 
 
Figure 5.25 Deformed shape of the incompressible models for the specimen #4. 
 
 
Compressible models 
 
Figure 5.26 Deformed shape of the compressible models for the specimen #4. 
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Incompressible models 
 
Figure 5.27 Specimen #1, incompressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
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Compressible models 
 
Figure 5.28 Specimen #1, compressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
  
 132 
 
Incompressible models 
 
Figure 5.29 Specimen #3, incompressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
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Compressible models 
 
 
Figure 5.30 Specimen #3, compressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
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Incompressible models 
 
 
Figure 5.31 Specimen #4, incompressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
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Compressible models 
 
Figure 5.32 Specimen #4, compressible models: stress distribution along the y di-
rection in the necking area [MPa]. The gridded area represents the undeformed mesh. 
 
 
 
  
  
  
 
 
 Design of a equibiaxial fixture for biological tis-
sues characterization 
6.1 A review of planar biaxial tensile test systems for 
soft tissues 
In the literature several examples of biaxial systems or uniaxial ten-
sile machine conversion systems can be found, and generally this devices 
can be classified into two large families: 
- multiple actuation systems; 
- single actuation systems. 
Any device made by the same number of actuators and load cells fall 
within the first family, and in this cases the two loading directions can 
operate independently. The main quality of this devices is the ability to 
reproduce precisely a wide range of stress states, at the cost of a high 
economic investment. 
A single actuation biaxial fixture for a uniaxial tensile machine is 
extremely advantageous from the economic point of view, being the cost 
of implementation definitely lower with respect to the first family of 
devices. Moreover the possibility to exploit the same testing machine 
both for uniaxial and biaxial characterizations enhances the machine on 
which the fixture is housed. 
Chapter 6 
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6.1.1 Multiple actuation systems 
Both commercial devices and custom made solutions can be classified 
in the multiple actuation systems family. Many commercial apparatuses 
for the biaxial characterization of materials are available in the market, 
although not all of them can be adapted to the characterization of soft 
tissues. In fact oversized frames and limitation on the lowest measurable 
load make unusable commercial solutions implemented by Instron® or 
MTS®, as well as custom made devices such as those described by 
Makinde (1992) and Smits (2006). Table 6.1 lists the multiple actuation 
systems available for soft tissues characterization. 
Table 6.1 Multiple actuation systems for soft tissues characterization 
Zwuik/Roell  
The mediX0.1 biaxial testing machine is 
designed for mechanical testing of natural 
and artificial tissues.  
Maximum test load: 100 N 
Strain control: laser extensometer (laserX-
tens) 
Attachment systems: hook-and-suture 
 
(Zwick/Roell, 2010) 
CellScale Biomaterials Testing 
The BioTester is a  test instrument de-
signed to characterize soft tissues and bio-
materials. 
Maximum test load: 23 N 
Strain control: high resolution CCD camera 
to collect time synchronized images for 
post test analysis 
Attachment systems: hook-and-suture or 
grip based 
 
(CellScale, 2013) 
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TA ElectroForce 
The ElectroForce planar biaxial TestBench 
instrument is designed for soft tissue char-
acterization. It consists of two linear mo-
tors and two reaction brackets mounted on 
a horizontal baseplate with two load cells, 
one for each axis of loading. 
Maximum test load: 200 N 
Strain control: with Digital Video Exten-
someter (DVE) 
Attachment systems: hook and clamp ten-
sile grips 
 
 
(Electroforce, 2014) 
TESTRESOURCES 
574LE2 Biomechanics and Tissue Tester is 
a configurable electrodynamic test system 
featuring four independent modular dy-
namic servo actuators. 
Maximum test load: 250 N 
Strain control: E-VID digital video exten-
someter camera  
Attachment systems: hook and clamp ten-
sile grips 
 
 
(TESTRESOURCES, 2016) 
Grashow et al (2006) 
Biaxial testing rig made by four screw-
driven linear actuators and two load cells. 
Maximum test load: 2.45 N 
Strain control: marker deformations meas-
ured optically 
Attachment systems: two loops of 000 ny-
lon suture to each side of the specimen 
 
(Grashow, et al., 2006) 
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Johlitz & Diebels (2011) 
The biaxial testing device contains four 
step engines which are arranged in a cruci-
form manner; the force measurement is re-
alised by two force sensors. 
Maximum test load: 100 N  
Strain control: deformation of the measur-
ing field is mapped with a camera Marlin 
F-131B  
Attachment systems: clamp tensile grips 
 
 
(Johlitz & Diebels, 2011) 
Skulborstad (2013) 
The biaxial testing apparatus consists of 
four Parker 402XE linear motion guides, 
each with 220 mm Travel. 
Maximum test load: -  
Strain control: Polarized Image Correlation 
Attachment systems: suture loops 
 
(Skulborstad , et al., 2015) 
Zemànek et al (2009) 
The testing rig consists of a bedplate carry-
ing two orthogonal ball screws, equipped 
with force gauges, two servo motors and 
four carriages ensuring symmetric biaxial 
deformation of the specimen. 
Maximum test load: -  
Strain control: CCD camera 
Attachment systems: clips 
 
 
(Zemánek, et al., 2009) 
6.1.2 Single actuation systems 
In an attempt to reduce the cost associated with building multiple 
actuation test machines, attachments have been designed for existing 
machines such as tensile and compression testers for the purpose of bi-
axial testing. The most common biaxial test setup is that of converting 
a standard tensile machine. In Table 6.2 is presented a list of the existing 
mechanisms capable of converting a uniaxial movement into a biaxial 
motion. Dealing with conversion mechanisms, although in most cases 
they were implemented for the characterization of metal sheets, polymers 
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or fabrics, it would be easy to adjust them for the use in soft tissues 
characterization field.  
Table 6.2 Single actuation systems for soft tissues characterization 
Duncan et al (1999) 
The test fixture consists of pivoted scissor 
arms that resolve the machine crosshead 
movement into extension of the test speci-
men at 45to the axis of the test ma-
chine. The total force measured on the pull 
rod of the test machine can be resolved into 
biaxial components through a geometrical 
correction factor. 
Maximum test load: -  
Strain control: video extensometry 
Attachment systems: screwed clamps 
 
 
(Duncan, 1999) 
Prendergast et al (2003) 
The biaxial rig was designed so that it 
could be used on a standard uniaxial In-
stron 1011 testing machine. It is equipped 
with one loed cell. High-strength fishing 
line was used for the cable network. 
Maximum test load: -  
Strain control: Digital camera image acqui-
sition 
Attachment systems: Crocodile clips, hooks 
 
 
(Lally , et al., 2004) 
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Bathnagar (2007) 
The mechanism is adapted on a uniaxial 
tension machine Instron 4302 and is capa-
ble of producing either equibiaxial or non-
equibiaxial tension. The geometry is so de-
signed that various stress ratios can be ap-
plied using a single set-up. The specimen is 
instrumented with rosette strain gages in 
order to measure the load in the horizontal 
direction.  
Maximum test load: -  
Strain control: Strain gages 
Attachment systems: clamp tensile grips 
 
 
(Brieu, et al., 2007) 
Cavallaro et al (2004) 
Biaxial loading begins by moving the cross-
head of the test machine in a downward 
vertical motion so that the machine applies 
a vertical load to the fixture. Doing so cre-
ates an equal extension along both two hor-
izontal directions, resulting in biaxial ten-
sile loads.  
Maximum test load: -  
Strain control: Strain gauges  
Attachment systems: clamp tensile grips 
 
 
 
 
(Cavallaro, et al., 2004) 
6.2 Device requirements 
Biaxial testing devices have to be much more elaborate then uniaxial 
ones because of the need to meet additional requirements, and the ex-
perimental problems increase being the test subject a biological tissue. 
Being the cost competitiveness one of the main goals of this project, 
the adopted solution was conceived as an accessory to the uniaxial tensile 
machine, in order to take advantage of the machine own actuation and 
data acquisition systems, integrating the device with the missing sensors. 
Moreover the device has been entirely realized through rapid prototyping 
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methods (3D Printing) thus greatly reducing the cost of materials and 
machining. The used 3D printer is a Stratasys uPrint SE Plus (Stratasys 
Inc., Edina, Minnesota, United States) and its main specifications are 
listed in the following table. 
Table 6.3 uPrint SE Plus Product Specifications 
Model material ABS 
Support material SR-30 soluble 
Build size 203 x 203 x 152 mm 
Layer thickness .254 mm or .330 mm  
 
The biaxial device main requisite is the ability to control two loading 
directions which must be able to expand freely. In the single actuation 
systems this expansion along two orthogonal axes is obtained by exploit-
ing a conversion mechanism from a uniaxial motion.  
Biaxial experiments on soft biological tissues are generally problem-
atic, presenting additional challenges unique to biological tissues. Just a 
few of the experimental problems include (Sacks, 2001): 
- small specimen sizes;  
- difficulty in gripping (without doing damage) and in specimen 
positioning; 
- structural and compositional heterogeneity; 
- difficulty in assuring constant forces along specimen edges; 
- large specimen-to-specimen variability. 
Ensuring a firm specimen gripping without damaging the tissue is 
mandatory and challenging because of the above mentioned small spec-
imen size, texture and humidity conditions. That’s why in literature var-
ious solutions where adopted. In all of them the specimen is mounted in 
the device in trampoline-like fashion although the grasping mechanism 
vary from one author from another. The preponderant solutions make 
use of thin threads (suture material) (Waldman & Lee, 2002; 
Skulborstad , et al., 2015; Grashow, et al., 2006), clips (Zemánek, et al., 
2009; Prendergast, et al., 2003) and hooks (Lally , et al., 2004; Kahlon, 
et al., 2015). The device here presented is inclusive of accessories for the 
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simple and repeatable positioning of biological specimens by means of 12 
hook evenly distributed on the four sides of the specimen (see 6.3.3). 
Table 6.4 Biaxial fixture requisites 
  A non-contact strain measurement is fundamental to avoid any me-
chanical interference with the specimen. Hence, the device configuration 
must ensure the visibility of the specimen during the whole test in order 
to allow an optical measure of strains tracking the position of markers 
mounted in the upper specimen surface. This implies the use of an im-
aging device able to generate a synchronized image acquisition. The sub-
stantial anisotropy of soft biological tissues make it necessary to record 
not only a local distribution of strains on the specimen surface, but also 
load responses from the two orthogonal directions, without going 
through any indirect evaluation of forces and stresses. 
Finally, a region of uniform stress-strain state must be ensure so that 
the data analysis can be performed simply. This target region must be 
small and located away from the outer edges to avoid the effects of the 
gripping mechanism. 
Requirements Description 
Low cost The choice of implementing a biaxial fixture for a uni-
axial testing machine reduces significantly the realiza-
tion costs, as well as the adoption of rapid prototyping 
method for the realization of the components. 
Loading directions  Two loading directions (which must be able to expand 
freely) need to be controlled. 
Specimen gripping 
/positioning 
Ensuring a firm specimen gripping without damaging 
the tissue is mandatory. It’s also necessary to ensure a 
simple and repeatable positioning of the specimen in or-
der to guarantee the homogeneity of deformations. 
Uniform stress-strain 
state 
A region of uniform stress-strain state must be ensure 
so that the data analysis can be performed simply. This 
target region must be small and located away from the 
outer edges to avoid the effects of the gripping mecha-
nism. 
Optical measure of 
strain 
Strain measure should be performed avoiding any me-
chanical interference with the specimen (tracking the 
position of markers mounted in the specimen upper sur-
face). 
Signals recording 
Load signals from two orthogonal directions should be 
recorded, thus avoiding the indirect evaluation of stress. 
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An exhaustive list of all the requirements for the biaxial fixture is 
catalogued in Table 6.4. 
6.3 Architectural design of the system 
6.3.1 Interfacing with the existing framework 
In order to meet the first requirement of a low cost device, a single 
actuation system was chosen, hence the biaxial fixture has been inte-
grated in an existent framework. The selected uniaxial tensile machine 
(Bose Electroforce® 3200) is represented in Figure 6.1.  
 
Figure 6.1 Bose Electroforce® 3200 test instruments set-up 
6.3.1.1. Electromagnetic linear actuator 
The Bose  Electroforce® 3200 is fitted with an electromagnetic linear 
actuator illustrated in Figure 6.2b. It consists of two sections of fixed 
coils wrapped in a core (also known as a stator) and a Neodymium Iron 
Boron (NdFeB) magnet that is able to move up and down, as shown in 
Figure 6.2a. The current that passes through the coils of the stator gen-
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erates and modulates a magnetic flux that interacts with the flux gener-
ated by the magnet, causing the magnet to react with a force, depending 
on the polarity of the coil flux. Hence, the stator can be considered as 
an electromagnet producing a north and south pole as a function of cur-
rent. When the current is applied the appropriate poles of the magnet 
are either attracted or repelled producing a force directly proportional 
to the current in the coils. 
 
Figure 6.2 a) Scheme of moving magnet motor; b) flexure assembly of moving 
magnet motor. (Electroforce, 2014) 
6.3.1.2. Displacement transducer 
The displacement transducer is a Schaevitz MHR 250 LVDT. A lin-
ear variable differential transformer (LVDT), shown schematically in 
Figure 6.3b, is made up of a single primary coil and two secondary coils. 
Both primary and secondary coils are wrapped around a hollow, non-
magnetic bobbin, and the core slides inside the bobbin. An oscillating 
excitation voltage is applied to the primary coil. The current flowing 
through the primary coil creates an alternating magnetic field, which 
induces alternating voltages in the two secondary coils. The core, made 
of a ferromagnetic material, tends to concentrate the magnetic field in 
its vicinity, and as a result, if it is closer to one of the secondary coils, 
the voltage in that coil will be higher. The two coils are connected elec-
trically and consequently as shown in Figure 6.3, hence the two voltages 
oppose each other. If the core is centered between the two secondary 
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coils, the voltage in the two secondary coils is equal, therefore the net 
output voltage will be zero (or at a minimum). If the core is not centered, 
there will be a net output voltage. The output, being an AC rms voltage, 
is always positive and gives no obvious information about the direction 
in which the core has been displaced from the centered position. This is 
a problem that can be solved with appropriate signal conditioners. The 
transducer is connected to the input channels of the PCI by means of 
the LVDT conditioner module, designed to interface with the six-wire 
LVDT (Figure 6.3a). 
 
Figure 6.3 a) Schaevitz MHR 250 LVDT; b) LVDT scheme. (MEAS, 2015) 
6.3.1.3. Force transducers 
The Bose Electroforce® 3200 features as its force transducer a Hon-
eywell Sensotec Sensors Model 31 Mid (Figure 6.4). Here are listed the 
main technical characteristics of the load cell: 
- maximal force: 225 N (50 lb); 
- accuracy: ±0.25% F.S.; 
- non linearity/hysteresis: ±0.15% F.S.; 
- repeatability: ±0.10% F.S.; 
- operating temperature: -65°F to 250°F; 
- temperature effect, Zero: 0.015% F.S./°F; 
- strain gage units: 350 Ω (stainless steel); 
- case material: stainless steel; 
- weight: 21-250 g. 
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Figure 6.4 Sensotec Model 31 load cell (Honeywell, 2004). 
The load cell is a transducer that is used to indirectly convert a force 
into an electrical signal. The force being sensed deforms a strain gauge. 
This deformation is measured as an electrical signal, because the strain 
changes the effective electrical resistance of the wire. A load cell usually 
consists of four strain gauges in a Wheatstone bridge configuration. The 
electrical signal output is typically on the order of a few millivolts and 
requires amplification by an instrumentation amplifier before being used. 
The output of the transducer is connected to the PCI Series Controls 
thanks to four outputs as showed in the wiring diagram (Figure 6.5). 
The conversion of the existing system in a biaxial testing set-up re-
quired the integration of an additional force transducer. Most of the 
existing single actuation solutions planned to deduce the force/stress re-
sponse orthogonally to the loading direction by means of geometrical 
relationships (Duncan, 1999; Lally , et al., 2004) or by indirect estimate 
from strains data (Brieu, et al., 2007). However this procedure does not 
appear suitable to the analysis of highly anisotropic materials such as 
biological tissues. Accordingly, the system has been equipped with a 
force transducer analogous to the pre-existing one and arranged in a 
direction orthogonal to the loading axis (see 6.3.3). 
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Figure 6.5 Wiring diagram of the load cell. 
In order to integrate the new transducer with the existing framework, 
it was mandatory to interface with the PCI signal input conditioner, 
which is designed to interconnect with a wide variety of sensors. The 
connectors used for the input channels are 15-pin High-Density (HD-22) 
D-Subminiature Plugs (Figure 6.6). 
 
Figure 6.6 AMP plug, terminals, shroud and jackscrews. 
The following table is a summary of the inputs for the PCI signal 
conditioner. 
Table 6.5 Signal input connector pinouts 
Pin Designation Description 
1 +SIG Positive input to the differential amplifier 
2 -SIG Negative input to the differential amplifier 
3 ACOM Analog common 
4 +EXC Positive excitation voltage 
5 -EXC Negative excitation voltage 
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6 +15V Positive 15V regulated power supply voltage 
7 OFFSET Differential amplifier offset input 
8 -15V Negative 15V regulated power supply voltage 
9 2.5V 2.5 Volt Reference signal 
10 5V 5 Volt Reference signal 
11 GAIN One terminal of the gain setting resistor 
12 GAIN One terminal of the gain setting resistor 
13 SHLD Chassis ground 
14 REF IN Excitation voltage reference input 
15 10V 10 Volt Reference signal 
 
The first two pins are the input to the first stage differential ampli-
fier. The signals can have a range up to ±10V, depending on the amplifier 
gain setting. Pins 4 and 5 are the positive and negative precision regu-
lated bridge excitation signals. These pins may be programmed to supply 
different excitation voltages (2.5V, 5V or 10V) and they drive strain 
gauge type sensors. The excitation voltage is programmed connecting 
the REF IN pin to the desired precision reference voltages (pins 9, 10 or 
15). When one of them is connected to REF IN, the voltage is buffered 
and appears on +EXC and –EXC. 
The calibration of the sensor is obtained by means of a calibration 
resistor connected across the two gain pins (11 and 12). These pins pro-
grams the voltage gain of the differential amplifier. The value of the 
resistor may be determined by using the following equation: 
𝑅𝑔 =
6000𝛺
𝐺𝐴𝐼𝑁 − 1
 
Equation 6.1 
The gain may be derived from the sensitivity of the sensor as follows: 
𝐺𝐴𝐼𝑁 =
9.43
𝑆 ∙ 𝐸 ∙ 𝑅 ∙ 0.001
 
Equation 6.2 
Where: 
- S = Sensor sensitivity in mV/V 
- E = Excitation voltage 
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- R = Ratio of Transducer full scale to WinTest full scale 
The R values allows the choice of a convenient WinTest full scale value 
(for example 225N WinTest full scale for 50lbs. transducer full scale). 
The value of Rg is chosen to provide a gain factor of 1.06 which allows 
the use of the full transducer range even for a small tare (offset) value 
(Bose Corporation, 2005). 
Considering the Honeywell Sensotec Sensors Model 31 Mid load cell 
added to the experimental set-up, calibration data are listed in Table 
6.6. 
Table 6.6 Load cell calibration resistor 
S [mV/V]= 2.3593 
E [V] = 10 
R = 1 
GAIN = 399.69 
Rg [-] = 15.05 (1% tolerance resistor) 
 
The realized pinouts configuration is depicted in Figure 6.7. 
 
Figure 6.7 Pinout configuration. Wiring codes: grey - (+) output; green - (-) out-
put; red - (+) excitation; black - (-) excitation. 
The architecture of the entire framework, comprising the original 
structure and the additional transducer, is represented in Figure 6.8. 
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Figure 6.8 Architecture of the biaxial testing framework 
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6.3.2 The conversion mechanism 
The biaxial conversion frame is depicted in Figure 6.9. It has a sym-
metrical configuration with respect to both the vertical and horizontal 
axes. 
 
Figure 6.9 Biaxial conversion frame 
The conversion frame was designed dimensionally compatible with 
the Bose Electroforce® 3200 available test space, detailed in Table 6.7. 
Its overall dimensions in the starting position are 320.40 mm of height, 
305.42 mm of width and 48.58 mm of thickness. 
Table 6.7 Bose Electroforce® 3200  frame dimensions 
Parameter Bose Electroforce® 3200 
Range of displacement 12.5 mm 
Test space 
Vertical test space 
Load cell to back column 
 
0-450 mm 
305 mm 
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It is composed by two identical crossheads (Figure 6.10), fit to bind 
the device to the testing machine. The lower crosshead is fixed on the 
bottom of the tensile machine by means of four AISI 316L M3 screws, 
while the upper half is fixed on the moving crosshead of the machine 
through the same fastening method.  
 
Figure 6.10 Crosshead sub-assembly composed by 1) Connector, 2) Lateral exten-
sions, 3) Linear guideway rails: a) front b) top and c) isometric view.  
The choice to take advantage of rapid prototyping techniques forced 
the device design, being the 3D printing machining binding in terms of 
maximum size of the component, undercuts and cavities. That's why the 
majority of the components have been designed as multi-part assemblies, 
devising when needed alternative couplings between parts. 
For instance, the joint between the connector and the lateral exten-
sions (Figure 6.11) required the presence of two AISI 316L M3 screws 
on each side. The four holes in the connector lateral faces have demanded 
the addition of supplementary perpendicular openings (1) for the re-
moval of the support material from the lateral holes (2).  
A couple of linear guideway rails are assembled with the two lateral 
extensions by means of two AISI 316L M3 screws (Figure 6.10). Two 
blocks upstream and below the rails were considered to prevent the slip-
ping of the linear guideway blocks over the rail limits.  
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Figure 6.11 Design solution: connector-lateral extension coupling 
Two identical links (Figure 6.12) act as a connection between the 
upper and lower crossheads, due to the presence of four linear guideways. 
Two linear guideway blocks are secured to each link with four AISI 316L 
M3 screws. The relative angles between each linear guideway rail and 
their associated link are equal to 45°. 
 
Figure 6.12 Link sub-assembly composed by 1) Link, 2) Linear guideway blocks: a) 
longitudinal b) top and c) isometric view. 
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Commercial Hiwin® MGN series linear guideways were selected. 
They are entirely made from stainless steel and they own 2-row recircu-
lation ball bearing guide. Their internal structure is depicted in Figure 
6.13. 
 
Figure 6.13 Structure of the MNG series Hiwin linear guideway 
The details and features of the selected model are listed in Table 6.8 and  
Table 6.9.  
 
Table 6.8 MGN block features (Hiwin®). Variables are depicted in Figure 6.14.  
MGN09-C-Z1-C-M 
Installa-
tion di-
mensions 
[mm] 
Dimensions of the block [mm] 
Load Ra-
tings [N] 
Weight 
[kg] 
H H1 N W B B1 C L1 L Gn Mxl H2 Cdyn C0  
10 2 5.5 20 15 2.5 10 18.9 28.9 1.4 M3x3 1.8 1860 2550 0.02 
Dynamic Moment [Nm] Static Moment [Nm] 
Mx My Mz Mx My Mz 
8 5 5 11.76 7.35 7.35 
1 
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Table 6.9 MNG rail features (Hiwin®). Variables are depicted in Figure 6.14. 
MGNR09-R100-C-M 
Assembly 
screw for 
rail [mm] 
Dimensions of rail [mm] 
Length 
[mm] 
Weigth 
[kg] 
 WR HR D h d P   
M3x8 9 6.5 6.0 3.5 3.5 20.0 100 0.038 
 
Figure 6.14 Linear guideway sub-assembly: a) cross and b) lateral view; c) mo-
ments configuration. 
By construction, when the moving crosshead of the tensile machine 
is displaced, the higher crosshead of the conversion device moves accord-
ingly; whereas, the lower crosshead secured to the base of the tensile 
machine remains motionless, identically to any uniaxial testing. The con-
nective links, which in turn are attached to the upper and lower cross-
heads of the conversion device through the four linear guideways, are 
forced by the vertical displacement to move along the perpendicular di-
rection. Thus, the ideal horizontal line which connects the links midpoint 
remains on the median of the segment formed by the vertical grips. In 
this fashion, when the moving crosshead goes up, the upper crosshead 
moves with a velocity “v” whereas the lower crosshead remains motion-
less. Concurrently, the lateral links move up with a velocity of “v/2” and 
2 
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simultaneously shift in the horizontal axis with a velocity of “v” in op-
posite directions, thus obtaining an equibiaxial tension (Figure 6.15). 
Considering the Bose Electroforce® 3200 available stroke (12.5 mm, 
Table 6.7), the maximum displacement of the upper crosshead engenders 
an identical 12.5-mm-stroke in the horizontal direction. 
 
Figure 6.15 Biaxial device in a) close and b) open configuration. Red arrows repre-
sent vertical velocities whereas blue arrows represent horizontal velocities. 
6.3.3 The gripping apparatus 
 
Figure 6.16 Biaxial gripping apparatus 
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The gripping apparatus is composed by two couples of homologous 
arms. Each couple contains a sensorized arm, equipped with a load cell, 
and a contralateral arm and is arranged along one of the loading direc-
tion. The not sensorized arms are secured respectively to the upper cross-
head and to the right link through an AISI 316L M3 screw. The senso-
rized arms, due to the presence of the load cells, needed an articulate 
design that would allow the grip fastening in the correct position and a 
reversible connection with the load cell.  
 
Figure 6.17 Lower gripping arm sub-assembly composed by 1) Load cell, 2) Load 
cell adapter, 3) Gripping terminal, 4) M5 Nuts and 5) securing M5 screw. 
Taking as example the lower gripping arm depicted in Figure 6.17, 
it can be noted the need of two load cell adapters to ensure the fastening 
of the load cell both with the lower crosshead and the gripping terminal. 
To avert the attachment of the load cell thread directly to a threaded 
hole in the printed material, four AISI 316L M5 nuts were stucked in 
two housings placed on the lateral wall of each load cell adapted. This 
ploy, not only allows for an easily reversible connection with the load 
cell, but also permit a secure and ‘in place’ coupling with the gripping 
terminal. Regarding the crosshead joint, a stopper fixed with an AISI 
316L M5 screw to the load cell adapter provides a secure placement 
(Figure 6.18). 
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Figure 6.18 Design solution: connector-load cell adaptor coupling; 1) stopper; 2) 
load cell adapter; 3) M5x25 screw. 
The four gripping arms with their gripping terminals make up the 
housings for the actual grasping devices: the hooks holders. These latters 
are removable sub-assemblies which can be easily secured to the gripping 
terminals by means of two AISI 316L M4 screws each (Figure 6.19). The 
removal of the four hooks holders is mandatory to enable a facilitated 
positioning of the specimen, as will be explained later. 
 
Figure 6.19 Magnification of the gripping zone: 1) Gripping terminal; 2) Hooks 
holder; 3) Hooks. 
The hooks holder comprises two mated sub-unities which houses the 
hooks ends in specific slots. All the hooks degrees of freedom are then 
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blocked by three nails which are inserted through both the sub-unities 
and the 1-mm-hole located at the terminal part of the hooks (Figure 
6.20).   
 
Figure 6.20 Hooks holder sub-assembly composed by 1) Lower hook holder, 2) Up-
per hook holder, 3) Hooks and 4) Blocking nails: a) isometric and b) exploded view. 
To simplify the description, the drawings of all parts and assemblies 
of the equibiaxial conversion device can be found in Appendix A. 
6.4 Specimen mounting procedure 
The handling of a biological sample which by its nature appears 
flabby and slippery is always laborious. This complications are magnified 
when a fine positioning is required, as needed in the case of biaxial char-
acterization. Especially when performed by hooks and wires, the quality 
of the specimen gripping affects the homogeneity of the stress and strain 
field, since an uneven positioning of the load application points generates 
unbalanced boundary conditions which would lead to a reversal of the 
assumption of equibiaxiality. That’s why a positioning method was de-
vised, assisted by dedicated accessories. In this paragraph it will be pre-
sented a detailed description of the method, including the hooks inser-
tion, the markers placement and the mounting of the specimen within 
the conversion mechanism. 
 162 
 
As a first step the square tissue specimen is placed on a 3D printed 
ABS base (Figure 6.21-B). This base (Figure 6.21-A) was designed to 
act both as a hooks guide and as a tissue platform.  
 
Figure 6.21 The specimen mounting procedure. Part I. 
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Its dimensions allow to accommodate a 30x30-mm–specimen, even if 
a scaled version would be easily obtainable. The base has, on the four 
sides, 12 slits for the passage of the hooks and a cover to keep the tissue 
in place during the punching operation. To ensure the passing of the 
hooks, the cover has the same amount of corresponding slits (Figure 
6.21-C). Three at a time, with the help of the hook holder, the hooks are 
passed along the slits exposing their sharp tip to the tissue (Figure 6.21-
D,E). After the hooks insertion, the hook holder is placed on the under-
lying support to avoid accidental solicitations to the tissue (Figure 6.21-
F, Figure 6.22-G). Removing the cover, the correct insertion of hooks 
can be checked (Figure 6.22-H). The following step is the transfer of the 
specimen-hooks holders ensemble from the base to a carrier, which will 
allow for both the placement of the markers and the transfer of the 
specimen into the conversion frame. Therefore, a carrier complementary 
to the base is dovetailed on the latter, and four locks are rotated until 
the four hook holders are bound to the carrier (Figure 6.23-I,J,K).  
 
Figure 6.22 The specimen mounting procedure. Part II. 
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Figure 6.23 The specimen mounting procedure. Part III. 
Removed the base, the specimen-hooks holders ensemble is ready to 
be marked and fitted in the device (Figure 6.24-L). To favour an equi-
spaced positioning of the markers, a dots guide provided with 16 circular 
holes can be placed on the specimen. It acts as a mask for the drawing 
of sixteen points (Figure 6.24-M,N,O,P). An alcohol base waterproof 
black marker can be used to draw dots on the wet soft surface of the 
tissue. 
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Figure 6.24 The specimen mounting procedure. Part IV. 
Finally, the carrier is transferred into the conversion frame (Figure 
6.25-Q) securing the four hooks holders on the gripping terminals (Figure 
6.25-R) through eight AISI 316L M4 screws (Figure 6.25-S). The carrier 
locks are then rotated (Figure 6.25-T) to release the carrier from the 
conversion frame and to remove it from the hooks holders, leaving the 
specimen carefully positioned into the device (Figure 6.25-U,V). 
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Figure 6.25 The specimen mounting procedure. Part V. 
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6.5 Device validation 
6.5.1 Verification of the grips motion with unbalanced 
loads 
  
Figure 6.26 Testing configuration with specimen mounted in two orthogonal direc-
tions. 
The first assessment covered the verification of the grips motion in 
two orthogonal loading conditions, which mimic an unbalanced load 
state (Figure 6.26). Specifically, a rubber sample was mounted within 
the biaxial fixture first in a horizontal configuration leaving free the ver-
tical hooks. Secondly, the sample was rotated 90 degrees and the test 
was repeated. A constant 0.16 mm/s displacement rate was maintained 
for a total displacement of 10 mm.  
 
Figure 6.27 Screws segmentation and movement tracking. 
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The video recordings of both tests were processed and the eight hold-
ing screws (which maintain the hooks holders bound to the device) were 
segmented so as to follow their centroids during the test time (Figure 
6.27). 
For both sets of images, the horizontal strain was then calculated 
between the mean position of points 1 and 2 and the mean position of 
points 7 and 8 during time. Similarly, from the remaining points the 
strain in the vertical direction was evaluated. The resulting strain-time 
curves are represented in Figure 6.28.  
 
Figure 6.28 Strain-Time curves resulting from the screws tracking in the two test-
ing configurations. 
A linear regression was performed for the four displacement-time 
curves obtained from the two tests, obtaining the curve slope, namely 
the displacement rate of the four grips in unbalanced load conditions. 
The resultant slopes are listed in Table 6.10. 
Table 6.10 Linear regression results (displacement rate) for the displacement-time 
curves 
 Horizontal specimen Vertical specimen 
Horizontal velocity 0.166 mm/s 0.161 mm/s 
Vertical velocity 0.157 mm/s 0.162 mm/s 
Mean velocity 0.162 mm/s 0.162 mm/s 
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 Therefore the mean percentage error with respect to the nominal 
speed is about 1%. 
6.5.2 Verification of the equibiaxial strain distribution 
Isotropic specimen case. 
It has been previously mentioned (Par. 6.2) the need to measure 
strains avoiding any mechanical interference with the specimen. For this 
reason the device conceivement has planned to ensure optimum visibility 
of the specimen during the test. A Canon EOS 5D Mark II digital camera 
with an autofocus lens for macro photography (Canon EF 100 mm f/2.8 
Macro USM) and a camera stand was used for the recording of each test. 
Therefore images were captured and post processed using a purpose-
build Matlab GUI (2012a, The MathWorks, Inc., Natick, Massachusetts, 
United States). 
The resulting videos (dimensions: 1920x1088; frame rate: 25 FPS) 
were then post-processed for the extraction of all the frames. These 
frames constitute the main inputs for the strains identification. 
For validation purpose, it was chosen to detect strains by tracking 
the position of markers drawn in the upper surface of an isotropic rubber 
specimen, but also a random pattern of speckles was created to perform 
digital image correlation (DIC). 
 
Figure 6.29 Isotropic rubber specimen prepared with markers and random speckles. 
 170 
 
6.5.2.1. Optical tracking of markers 
All the optical tracking procedure was performed in the Matlab en-
vironment, and all steps were then embedded in a graphical user inter-
face (GUI). 
First of all, the frames extracted from the video were analysed so as 
to identify the first frame, and subsequently one frame per second was 
selected. The first frame selection is made through the identification of 
a change in the location on at least one of the markers drawn on the 
specimen. The image extraction frequency, setted to 1 Hz, was consid-
ered appropriate to the displacement rate imposed to the specimen (0.16 
mm/s). 
Each image was then processed following the steps listed below: 
- Color conversion: the RGB image is converted to grayscale 
by eliminating the hue and saturation information while re-
taining the luminance (Figure 6.30). 
 
Figure 6.30 RGB to grayscale conversion 
- Binary conversion: converts the grayscale image to binary by 
thresholding. The output binary image has values of 1 (white) 
for all pixels in the input image with luminance greater than 
a predefined level and 0 (black) for all other pixels (Figure 
6.31). 
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Figure 6.31 Binary conversion. Threshold value setted to 0.2. 
- Complement of the image: in the complement of the binary 
image, black becomes white and white becomes black (Figure 
6.32). 
 
Figure 6.32 Complement of the binary image. 
- Noise cleaning: removal from the binary image of all con-
nected components (objects) that have fewer than a define 
number of pixels (Figure 6.33). 
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Figure 6.33 Noise removal from the binary image. Objects composed of fewer than 
100 pixel were removed. 
- Morphological closing: morphological closing of the binary 
image with a flat disk-shaped structuring element with a spec-
ified radius. 
 
Figure 6.34 Morphological closing. Radius = 20 pixels. 
- Boundaries tracing: detection of the exterior boundary of ob-
jects contained in the binary image (Figure 6.35). 
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Figure 6.35 Objects boundaries detection. 
- Roundness recognition: after the estimate of each object's 
area and perimeter a simple index indicating the roundness 
of the objects was computed (Figure 6.36). This index is equal 
to one only for a circle and it is less than one for any other 
shape. The discrimination process is controlled by setting an 
appropriate threshold.  
𝑖𝑛𝑑𝑒𝑥 =
4𝜋 ∙ 𝐴𝑟𝑒𝑎
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
 
Equation 6.3 
 
Figure 6.36 Roundness recognition. Threshold value = 0.80. 
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- Centroids sorting: the centroids of each identified object (in-
dex > 0.80) are sorted in order to assign the same label to 
every marker on each processed image (Figure 6.37). 
 
Figure 6.37 Centroids sorting from 1 to 16. 
Using this procedure, the markers position during the entire test was 
followed and a graph of the local displacement was realized (Figure 6.38), 
showing the markers initial location (in red) and their movement over 
time (in blue). 
 
Figure 6.38 Markers displacement over time (blue lines) and marker initial location 
(red dots). 
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6.5.2.2. Finite element modelling 
The output of the previous images post processing is the main input 
of a finite element model having the purpose to analyze the behavior of 
the isotropic specimen tested by means of the biaxial conversion device.  
The analysis was performed using the software Mechanical APDL 
14.5 (Ansys Inc., Canonsburg, Pennsylvania, U.S.). The choice was 
driven by the possibility to set up the simulation by means of textual 
code in APDL language, which can be generated using a purpose-written 
Matlab code. 
Geometry 
The model geometry was created starting from keypoints associated 
with the centroids coming from the first frame. Keypoints from 1 to 16 
are the 16 sorted markers centroids; keypoints from 17 to 28 are the 
centroids related to the hooks insertion points, which were segmented 
following the same procedure used for the markers; keypoints 29 to 31 
are the four vertex of the square specimen (Figure 6.39). 
 
Figure 6.39 Geometric model: keypoints definition. 
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Lines between points was then constructed, to delimit the areas con-
stituting the model (Figure 6.40). This type of geometry reconstruction 
is necessary to ensure that on each point of interest (keypoint) coexists 
a mesh node. 
 
Figure 6.40 Geometric model: lines and areas definition. 
Material 
The stress-strain curve concerning the test was computed starting 
from the loads recordings and the horizontal and vertical strains meas-
ured in the central region of the specimen, delimited by the markers #6, 
#7, #10 and #11. 
In particular, the nominal stress and strain obtained by the biaxial 
tensile test in the two orthogonal directions are defined by the following 
equations: 
𝜎𝑉(𝑡) =
𝐹𝑉(𝑡)
𝐿𝑉(𝑡) ∙ 𝑠(𝑡)
 
Equation 6.4 
𝜎𝐻(𝑡) =
𝐹𝐻(𝑡)
𝐿𝐻(𝑡) ∙ 𝑠(𝑡)
 
Equation 6.5 
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𝜀𝑉(𝑡) = 𝑚𝑒𝑎𝑛 (
𝑙𝑥,𝑢
′ (𝑡) − 𝑙𝑥,𝑢
𝑙𝑥,𝑢
;
𝑙𝑥,𝑑
′ (𝑡) − 𝑙𝑥,𝑑
𝑙𝑥,𝑑
) 
Equation 6.6 
𝜀𝐻(𝑡) = 𝑚𝑒𝑎𝑛 (
𝑙𝑦,𝑙
′ (𝑡) − 𝑙𝑦,𝑙
𝑙𝑦,𝑙
;
𝑙𝑦,𝑟
′ (𝑡) − 𝑙𝑦,𝑟
𝑙𝑦,𝑟
) 
 
Equation 6.7 
where  
- LV(t) and LH(t) are the mean distances between the hooks 
insertion points in the vertical and in the horizontal direction 
respectively; 
- FV(t) and FH(t) are the vertical and horizontal load cells out-
puts; 
- s(t) is the specimen thickness over time, evaluated knowing 
the LV and LH arrays and assuming an isochoric condition. 
All parameters meanings are depicted in Figure 6.41.  
 
Figure 6.41 Parameters extraction for stress and strain evaluation. 
The resulting stress-strain curves and the mean stress-strain curve 
that mediates the behaviour of the material in the central area of the 
specimen are plotted in Figure 6.42. 
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Figure 6.42 Stress-strain curves evaluated in the central region of the specimen. 
The mean equibiaxial stress-strain curve was then fitted with two 
hyperelastic constitutive models in the Ansys curve fitting toolbox. De-
tails regarding the models formulation and the curve fitting procedure 
were discussed at length in Chapter 5. In particular, a Mooney-Rivlin 5 
parameters model and an Ogden 4 parameters model were used. The 
fitting results are listed in Table 6.11. 
 
Figure 6.43 Curve fitting plot in a strain range equal to the ROI strains. 
  
 
6.5 Device validation 
179 
 
Table 6.11 Curve fitting results for the Mooney-Rivlin and the Ogden constitutive 
models. 
Mooney-Rivlin (5 parameters) Ogden (4 parameters) 
Parameter name Parameter value Parameter name Parameter value 
C10 4.3346 μ1 0.0891 
C01 -3.7796 α1 4.3266 
C20 30.8465 μ2 0.0891 
C11 -39.8447 α2 4.3266 
C02 14.0592 μ3 0.0891 
d 0 α3 4.3266 
 μ4 0.0891 
  α4 4.3266 
  d1 0 
  d2 0 
  d3 0 
  d4 0 
From Figure 6.43 a better fit can be noted for the Mooney-Rivlin 
model within a strain range compatible to the strains present in the 
central area of the specimen. 
 
Figure 6.44 Curve fitting plot in a strain range equivalent to the test global strain. 
Despite this, for higher strains the curve diverges (Figure 6.44), mak-
ing the behaviour description unreliable in areas with high deformation 
(close to the gripping points).  
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For its more conservative behaviour the selected constituent model 
was the Ogden model. 
Mesh 
The model discretization was realized using a high order planar ele-
ment (Figure 6.45). Plane183 has quadratic displacement behaviour and 
is defined by 8 nodes having two degrees of freedom at each node: trans-
lations in the nodal x and y directions. This element has hyperelasticity 
capabilities, thus it is suitable for the application of interest (Ansys Inc., 
2013). 
 
Figure 6.45 Plane183 geometry (Ansys Inc., 2013). 
The element dimensions were setted according to the required output 
detail and the computational time needed for the solving process, ob-
taining a 15120 nodes and 4963 elements mesh ( 
Figure 6.46). Forcing the presence of the nodes on the keypoints 
causes an irregular discretization of the model. Nevertheless, Plane183 
elements are well suited to modelling irregular meshes. 
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Figure 6.46 Model discretization: 
Plane183 mesh. 
Boundary Conditions 
As previously mentioned, the 
imposed boundary conditions were 
the 28 time-displacement curves 
representing markers and hooks 
motions during the experimental 
test. They were applied to the 28 
nodes associated with the respec-
tive 28 geometrical keypoints.  
Therefore, for each node were considered two 63x2 tables containing 
in the first column the time array (from 0 to 63 seconds) and in the 
second column the nodal translation in the x (or y) direction. An excep-
tion was made for the keypoints #21, #23 and #25, which identify the 
insertion points of the lower hooks. Being the latter substantially mo-
tionless, fixed constraints in both directions were considered (Figure 
6.47a). A further constraint condition was then considered, excluding 
the markers displacements and leaving the hooks constraints unchanged 
(Figure 6.47b). 
 
Figure 6.47 Boundary conditions. a) Complete constraints configuration; b) Con-
straints configuration comprising only the hooks insertion points. In yellow are repre-
sented the fixed constraints. 
 
 182 
 
Results 
Figure 6.48 and Figure 6.49 show the strain distributions resulting 
from the two finite element analysis, considering, in the first case, the 
simultaneous presence of both markers and hook insertion points. The 
second simulation excludes the markers influence, imposing only the 
hooks movement during the test. The time instant represented coincides 
with the last instant of the experimental test (t = 63 s). 
 
Figure 6.48 Strain distributions along x and y directions with boundary conditions 
given by the markers and the hooks insertion points. 
 
Figure 6.49 Strain distributions along x and y directions with boundary conditions 
given only by the hooks insertion points. 
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The region bordered in white represents the region of interest en-
closed by markers #6, #7, #10 and #11. Even though the markers 
presence induces an irregular strain distribution in the vicinity of the 
displacements application points, in both analysis the ROI exhibits 
strains in the x and the y directions in the range (0.20±0.04). 
 
Figure 6.50 Absolute error vs. time for the 16 nodes corresponding to the 16 mark-
ers. Blue lines represents the error along the x direction with respect to the experi-
mental displacement. Black lines represents the error along the y direction with respect 
to the experimental displacement. 
Considering in detail the nodal displacements at the markers for the 
two simulations, major discrepancies emerge in correspondence of the 
side markers with respect to the central region. Figure 6.50 shows the 
absolute error along the x (blue) and y (black) direction produced by 
the second simulation (which, it is recalled, does not consider the move-
ment of the markers as a boundary condition) with respect to the first 
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simulation (namely, with respect to the experimental markers displace-
ments). The absolute error increases with increasing time, and therefore 
with increasing global deformation of the specimen. Moreover, the error 
increases as the distance from the ROI grows. In fact, those regions ap-
pears out of range with respect to the material description range. How-
ever, the absolute error is negligible in the specimen ROI, confirming the 
adequacy of the constitutive model and, therefore, the equibiaxial strain 
distribution inside the ROI. 
6.5.2.3. Digital Image Correlation 
The same experimental test was used to perform a local strain anal-
ysis, through a Matlab-based Digital Image Correlation (DIC) code, im-
plemented at the University of Illinois in 2013 (Jones, 2013). 
Digital Image Correlation is a noncontacting optical method for 
strain measurement that has been widely applied in scientific research. 
It analyze and compare digital images acquired from the surface of a 
substrate equipped with a random pattern of speckles. Digital images 
acquired during the specimen deformation document the “speckle” dis-
tribution and can be represented by the greyscale intensity distribution. 
This intensity distribution describes the surface point by point, associ-
ating to each point an intensity value. With the progression of the spec-
imen deformation, each point of the undeformed image (the reference 
image ‘r’) is assumed to exist at a new location in the deformed image 
(‘d’). Therefore, the in-plane surface displacement can be evaluated by 
finding the position of the intensity distribution that most closely resem-
bles the original distribution (Zhang & Arola, 2004).  
Jones Matlab code efficaciously performs this process correlating a 
subset of pixels around each control point in the deformed image with a 
larger subset (generally twice as big) around the corresponding control 
point in the reference image. It computes the normalized cross-correla-
tion coefficient C for a range of theoretical displacements (𝑢′, 𝑣′) accord-
ing to Equation 6.8: 
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𝐶(𝑢′, 𝑣′)
=
∑ [(𝑟(𝑥′, 𝑦′) − 𝑟𝑢′,𝑣′̅̅ ̅̅ ̅̅ ̅)(𝑑(𝑥
′ − 𝑢′, 𝑦′ − 𝑣′) − ?̅?)]𝑥′,𝑦′
{∑ [(𝑟(𝑥′, 𝑦′) − 𝑟𝑢′,𝑣′̅̅ ̅̅ ̅̅ ̅)
2
]∑ [(𝑑(𝑥′ − 𝑢′, 𝑦′ − 𝑣′) − ?̅?)
2
]𝑥′,𝑦′𝑥′,𝑦′ }
1
2
 
Equation 6.8 
The actual displacement (𝑢, 𝑣) for a control point is the theoretical 
displacement (𝑢′, 𝑣′) corresponding to the maximum correlation coeffi-
cient. Strains are then calculated by interpolation displacement using 
finite element shape functions (Jones, 2013). 
In the following paragraphs the steps taken to run the correlation 
will be described in detail. The procedure was performed tracing the 
scheme described by Jones (2013). 
- Color conversion: all images were converted to black and 
white, as required by the code. 
- Correlation parameters settings: dealing with large defor-
mations, one essential parameter was the choice of using the 
preceding image as a reference image (while the first image is 
usually picked for small deformations analysis). A ROI was 
then defined (Figure 6.51), with a consequent grid of control 
points (20 pixels of spacing between points) 
 
Figure 6.51 ROI and grid of control points definition. 
 186 
 
- Deletion of poorly correlated data: the existence of portion of 
the ROI not presenting a good correlation isn’t uncommon, 
as shown in Figure 6.52a. The reason can be the presence of 
a poor speckle pattern, as in the image background. Here’s 
why the code allows for the deleting of the poorly correlated 
data, in order to obtain a smaller ROI with good data (Figure 
6.52b). 
 
Figure 6.52 a) Before and b) after the deletion of poorly correlated data. 
- Displacements smoothing and strains calculation: prior to cal-
culating strains, the displacements were smoothed using a 
Gaussian kernel with 15 control points. Strains were then cal-
culated by interpolating displacements using finite elements 
shape functions. In particular, a 9-nodes quadratic finite ele-
ment interpolation scheme was used.  
Figures 6.53, 6.54 and 6.55 shows the digital image correlation re-
sults, in terms of strain distribution along the x and y directions, and 
Von Mises equivalent strain distribution. Three different time instants 
are highlighted: initial, final and an intermediate instant.  
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Figure 6.53 Strain distribution along the x direction in the initial (t=0s), interme-
diate (t=31s) and final instant (t=63s).  
 
Figure 6.54 Strain distribution along the y direction in the initial (t=0s), interme-
diate (t=31s) and final instant (t=63s). 
 
Figure 6.55 Equivalent Von Mises Strain distribution in the initial (t=0s), inter-
mediate (t=31s) and final instant (t=63s). 
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The equibiaxiality of the strain distribution is here again confirmed 
by the similar behaviour along the two orthogonal directions. From Fig-
ure 6.55 an unexpected distribution at the corners of the specimen can 
be noted, which is expressed in higher values of deformation. This is 
induced by the out of plane movement of the not-constrained corners. 
This would not happen with the use of a cruciform specimen, considered 
as a standard shape for biaxial material characterizations. Despite this, 
the device was designed for the gripping of biological tissues notoriously 
difficult to handle and cut into complex shapes. The square shape is the 
most frequently adopted solution for the biaxial characterization of bio-
logical tissues (Skulborstad , et al., 2015; Prendergast, et al., 2003; 
Zemánek, et al., 2009; Lally , et al., 2004). 
It should be noted that either from the finite element analysis or 
from the correlation procedure, gripping effects at high strains emerge 
due to the lower constraint. They’re more visible in the vertical strain 
distributions, and they produce a non-symmetrical distribution with re-
spect to the horizontal axis of the test. The cause is attributable to the 
absence of a motionless point in the center of gravity of the specimens. 
In fact, the device considers as a fixed constraint the lower gripping zone, 
which implies the motion of the specimen middle point.  
 
Figure 6.56 Comparison between finite element models characterized by a) motion-
less specimen middle point and b) motionless lower hooks insertion points. Strain dis-
tribution along the y direction (εyy). 
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Figure 6.56 compares strain distributions along the y direction ob-
tained in the previous subchapter (b) with the result obtained modifying 
the hooks boundary conditions so that the fixed constraint is transferred 
in the middle point of the specimen (a). The symmetrical εyy distribution 
is evident in the latter case. 
6.5.3 Verification of the equibiaxial strain distribution 
Anisotropic specimen case.  
6.5.3.1. Digital Image Correlation 
Similarly to the isotropic case, a preliminary test on the anisotropic 
tissue, object of study, was carried out. A square human dermis specimen 
was prepared and the visible surface was equipped with a 4x4 matrix of 
markers and a random pattern of speckles. Obtaining the random speck-
les was challenging due to the wet surface of the sample. 12 additional 
markers were positioned on the hooks, so as to verify the correct dis-
placement of the grips (Figure 6.1). 
 
Figure 6.57 Dermis specimen positioned into the biaxial device. 
Firstly, the markers were tracked along the entire test and the strain-
time (Figure 6.58) and stress-strain (Figure 6.59) curves were evaluated. 
The procedure to obtain the strain curves depicted in Figure 6.58 will 
be detailed in the following paragraph (Par. 6.5.4). It is clearly evident 
from the test anisotropy of the results: the stress-strain outcomes in the 
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two orthogonal directions are highly different, and in particular the be-
haviour is stiffer along the horizontal direction, which leads to assume 
the presence of a preferred fibres orientation along this axis. 
 
Figure 6.58 Strain vs time curves in the central region of the specimen. 
 
Figure 6.59 Stress-strain curves evaluated in the central region of the specimen. 
  
 
6.5 Device validation 
191 
 
The DIC procedure previously explained was then followed to corre-
late the frames captured during the test. Again, Figures 6.60, 6.61 and 
6.62 shows the digital image correlation results, in terms of strain distri-
bution along the x and y directions, and Von Mises equivalent strain 
distribution. Three different time instants are highlighted: initial, final 
and an intermediate instant. The material anisotropy is hereagain con-
firmed by the not homogeneous strain distribution. Higher strain values 
are reached in the εy distribution, in accordance with the stress-strain 
results. When t=40s (namely, at the final instant of the test) the central 
region of the specimen reaches strains values equal to 0.06 along the x 
axis and 0.12 along the y axis (Figure 6.59). This is confirmed by the εx 
and εy distributions in the target region. 
Made this considerations, it appear obvious that even though the 
designed biaxial fixture is able to provide an equibiaxial deformation 
state, the resultant local strain distribution of a not isotropic specimen 
is not necessarily uniform. The main cause of this particular behavior is 
the rearrangement of the collagen fibers along a preferential loading di-
rection, and it follows that a mean stress-strain curve, such as the one 
depicted in Figure 6.59, shouldn’t be used to describe a presumed iso-
tropic behavior of the material in the target region of the specimen. 
 
Figure 6.60 Strain distribution along the x direction in the initial (t=0s), interme-
diate (t=20s) and final instant (t=40s). 
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Figure 6.61 Strain distribution along the y direction in the initial (t=0s), interme-
diate (t=20s) and final instant (t=40s). 
 
Figure 6.62 Equivalent Von Mises Strain distribution in the initial (t=0s), inter-
mediate (t=20s) and final instant (t=40s). 
6.5.4 Verification of the shear strain extent 
The final assessment regarding the device equibiaxiality in the cen-
tral region of the specimen is addressed to the verification of the absence 
of shear strain. This is obtained exploiting the rosette gage theory.  
The rosette gage theory is based on the assumption that a single 
strain gage is capable only of measuring the extensional strain in the 
direction that the gage is oriented. Therefore, the shear strain evaluation 
isn’t feasible unless a rosette of strain gages is mounted on the specimen 
surface.  
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The two-dimensional state of strain on a surface is defined by three 
independent quantities which can be taken as either: (a) εx, εy, and γxy, 
or (b) ε1, ε2, and θ, where case (a) refers to strain components with 
respect to an arbitrary xy axis system, and case (b) refers to the principal 
strains and their directions. This situation implies that it should be pos-
sible to determine these 3 independent quantities when three independ-
ent strain measurements on a surface point can be made. The most ob-
vious approach is to place three strain gages in a “rosette”, properly ori-
ented and located as close as possible to the point of interest. 
 
Figure 6.63 Rectangular strain gage rosettes built between markers #6, #7, #10 
and #11. 
Accordingly, a rectangular strain gage rosette was considered inside 
the central region of the specimen (Figure 6.63). The strains measured 
respectively between markers #7-#11, #7-#10 and #7-#6 provide the 
measurements εθ1, εθ2 and εθ3, ideally generated by as many strain gages 
placed on the lines connecting the markers. 
For the rectangular rosette the strains along the x and y directions 
and the shear strain are described by the following equations (Wheeler 
& Ganji, 2009): 
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𝜀𝑥 = 𝜀𝜃1 𝜀𝑦 = 𝜀𝜃3 𝜀𝑥𝑦 = 2𝜀𝜃2 − (𝜀𝜃1 + 𝜀𝜃3) 
Equation 6.9 
Figure 6.64 shows the strain-time curves evaluated in the specimen 
central region in the three previously described directions and shear 
strain-time curve determined exploiting the rectangular rosette theory. 
For the entire test the shear strain turns out to be almost zero, confirm-
ing the equi-biaxiality in the region of interest of the specimen. 
 
 
Figure 6.64 Strain vs time curves in the central region of the specimen. 
6.6 Conclusions 
This chapter deals with the development of a new low cost biaxial 
conversion mechanism for a uniaxial testing machine. This mechanism 
was realized through rapid prototyping method considerably reducing 
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the implementation costs and simplifying the design phase, assisted by 
the immediate printing and testing of the components. The printed ma-
terial appears suitable for the testing of soft materials which, while 
reaching high deformations, do not generate forces such as to deform the 
device structure. Furthermore, the conversion device is suitable for the 
characterization of anisotropic materials, not being affected by any con-
dition of unbalanced load. 
All device requirements were reached and validated through the ex-
perimental testing of an isotropic rubber specimen. In particular, the 
optical measure of strains was performed, followed by the consequent 
evaluation of the uniformity of the strain distribution in a small central 
region of the specimen, located far from the gripping zone. The local 
strain distribution was extrapolated using different assessment proce-
dures: the finite element method, the DIC method and the rosette gage 
theory. All the proofs have led to the same conclusion of equibiaxiality, 
even though an alteration of the strain distribution at high deformations 
caused by the lower fixed constraint was highlighted. 
The experimental test have shown how the material description, used 
for the implementation of an Ogden constitutive model, accurately char-
acterizes the material behavior in the strain range covered by the exper-
imental test. Therefore the conversion mechanism appears to be very 
useful according to the results it provides for the implementation and 
verification of constitutive models. 
In conclusion, the biaxial fixture here presented enables to carry out 
an equibiaxial tensile test at a very low cost and can be virtually adapted 
to any existing uniaxial tensile testing machine. 
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 Equibiaxial mechanical characterization of 
HADM 
7.1 Introduction 
As a consequence of its oriented fibrous structure, dermis always ex-
hibit a pronounced mechanical anisotropy, which has been largely dis-
cussed in the previous chapters, because of its wide occurrence when 
dealing with a uniaxial characterization. Planar biaxial testing allows for 
a two-dimensional stress-state that can be used to fully characterize the 
dermis properties. 
In the previous chapter the main experimental problems involved in 
carrying out biaxial tests on biological specimens were highlighted. Re-
calling the main ones, care is needed when dealing with the effects of 
different gripping techniques, the large specimen-to-specimen variability 
and the homogeneity of deformation within the specimen. Moreover, be-
ing paramount the optical measure of strains avoiding any mechanical 
interference, also the marker positioning on a wet substrate is challeng-
ing. The strain optical measure is generally performed in a central target 
region  which must be sufficient small and located away from the outer 
edges to avoid the gripping effects. In this central region the stress-strain 
field is considered homogenous (Sacks, 2001). This assumption is based 
on the Saint-Venant’s principle which states that the stress distribution 
Chapter 7 
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may be assumed to be independent of the actual mode of load applica-
tion, except in the immediate vicinity of where the load is applied 
(Waldman & Lee, 2002). Nevertheless, the effects of load applications 
may be very different, depending on the gripping method: by clamp or 
by suture. The suture case can possibly generate a discontinuous load 
transfer, also dependent on the number and on the vicinity of the suture 
points. On the contrary, the clamping method would generate a contin-
uous load transfer at the expense of a stiffening of the tissue and of a 
greater chance of slipping during the test. Certain is that the placement 
of an allograft in vivo during a reconstructive surgery takes place via 
suture, and therefore the application of the load in the immediate post-
operative period will be punctual. Another element to consider is the 
need to obtain a cruciform specimen for the clamp gripping method, 
which not only is more difficult to realize, but also causes the waste of a 
material already difficult to source. 
The first investigators to develop (Lanir & Fung, 1974a) and utilize 
(Lanir & Fung, 1974b) planar biaxial testing for soft biological tissues 
were Lanir and Fung. They investigated the mechanical properties of 
rabbit skin demonstrating the nonlinear and orthotropic stress-strain re-
sponse of the skin and the dependence of the latter on the specimen 
anatomic orientation. Moreover, they developed the most broadly used 
constitutive model for the biaxial response of skin (Tong & Fung, 1976). 
The biaxial characterization of soft tissues involved then extensively 
the cardiac and artery tissues, with the aim of implement constitutive 
models useful to carry out preclinical tests of intravascular devices (Lally 
, et al., 2004; Grashow, et al., 2006; Prendergast, et al., 2003; Zemánek, 
et al., 2009; Billiar & Sacks, 2000), and the porcine meniscal (Kahlon, et 
al., 2015). In many cases, the research outcome are models parameters 
obtained through the fitting of a mean curve (Lally , et al., 2004; 
Prendergast, et al., 2003). The assumption is that although the anisot-
ropy of the tissue is obvious and confirmed by the biaxial tests, the 
response of the tissue along two orthogonal axes has no significant dif-
ference at physiological loadings. This may not be true when it comes to 
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the skin, which can reach high strains both in vivo and in vitro. It ap-
pears then remarkable the lack of papers on the biaxial properties of 
human dermis. The aim of this work is to fill this gap presenting equi-
biaxial experimental curves of decellularized human dermis. 
7.2 Materials and Methods 
7.2.1 Biaxial mechanical tests 
Large strips of dermis tissue, collected from the backs of human do-
nors, were dissected along the cranio-caudal direction. They were then 
decellularized using an incubation in DMEM medium for 5 weeks. The 
treatment type and its duration were setted according to the uniaxial 
characterization results (see Chapter 2). Intact not decellularized human 
reticular dermis coming from the same donors was used as a control. The 
specimens were obtained by cutting out 30x30 mm squares using a cus-
tom made die cutter. A maximum of four specimens from each strip was 
obtained, except for the not-treated strip (T0) coming from donor 726. 
The total number of specimens is summarized in Table 7.1. 
Table 7.1 Number of specimens tested for each group. T0 stands for the not-
treated specimens, while T5 indicate the decellularized specimens. 
Donor T0 T5 
718 4 4 
726 2 4 
728 4 4 
The cutting orientation with respect to the sampling direction has 
been indicated by means of stitches sewed at the northwest vertex of the 
square. One stitch represented the first specimen, two stitches the second 
one, and so on (Figure 7.1). The sewed stitches have been positioned so 
as to avoid  interferences with the gripping of the specimen. This num-
bering is needed in order preserve the original orientation and location 
during the measurement and washing procedures.  
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Figure 7.1 Specimens cutting and orientation with respect to the body. CC: cranio-
caudal direction; ML: medio-lateral direction. 
Before use, the dermis grafts were washed to remove all of the glyc-
erol, dipping them sequentially in three different beakers filled with 
abundant saline solution 0.9% at +37°C for more than three minutes 
each. The specimens thickness was then obtained by means of photo-
grammetry as an average of five measures: 2.43±0.46-mm thickness (av-
erage ± std).  
Following the mounting procedure described in the previous chapter, 
three hooks was inserted on each side of the sample, at a 5-mm distance 
from the edges. The spacing between the hooks was 5 mm. A 4x4 matrix 
of markers was then dawn on the visible surface with an alcohol-based 
permanent black ink and afterwards the specimen was carefully posi-
tioned into the biaxial testing device (Figure 7.2). The test speed was 
setted to 0.16mm/s and the test was stopped at the achievement of a 
10-mm displacement on each axis. 
A full-frame digital camera (Canon EOS 5D Mark II) with an auto-
focus lens for macro photography (Canon EF 100 mm f/2.8 Macro USM) 
was used to capture images of the specimen during the test with a frame 
rate setted to 1 Hz. 
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Figure 7.2 Specimen positioning into the biaxial device. 
7.2.2 Data Elaboration 
The loads were acquired by the two load cells positioned along the 
two loading directions, while the marker deformations were measured 
optically using the photogrammetry set-up.  
The true stress was then calculated by dividing the load cell readings 
by the cross-sectional area of the specimen, which was taken as the prod-
uct of the gauge length in the two orthogonal directions and the thick-
ness of the specimen over time. The gauge lengths were evaluated 
through the ImageJ image analysis software as an average of three 
measures of the distance between the hooks, orthogonally to the loading 
direction (Equations 6.4 – 6.5). The strain of the tissue along the two 
loading directions was then determined from the distance increase be-
tween the central markers of the specimen in the horizontal and vertical 
directions (Equations 6.6 – 6.7). 
From the experimental data obtained, the slope of the toe region was 
evaluated from 0 to a 10% of strain, and results from each specimen were 
compare with the surrounding specimens, searching for a preferential 
fibers orientation in the whole dermis strip.  
7.3 Results and Discussion 
A representative set of results of the biaxial tensile testing can be 
found in Figure 7.3 (all results can be found in Par. 7.6). It shows the 
stress-strain curves of four specimens cutted from the same dermis strip. 
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The graphs position reflects the specimens original position represented 
in Figure 7.1. In some cases the testing wasn’t completed with success 
due to human errors during the experiment, resulting in a lack of data 
for medio-lateral direction of the not-treated specimens coming from do-
nor 726. 
 
Figure 7.3 A representative stress-strain set of curves (decellularized specimens 
from donor 718). The disposition of the plots reflects the positioning of the specimens 
of Figure 7.1. 
Results underline the anisotropic behaviour of dermis, since the me-
chanical response in one direction appears, most of the times, stiffer that 
the one in the orthogonal direction. In particular, the overall result for 
the biaxial data in the medio-lateral direction was higher than the cra-
nio-caudal direction. This can be explained by the predominance of col-
lagen fibres aligned along the medio-lateral direction in the dermis tissue 
taken from the lower back, which is in accordance with Langer findings 
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(Langer, 1978) and later works, already mentioned in Chapter 2, and 
listed in Table 7.2.  
Table 7.2 Mechanical properties of skin in literature. “Parallel to the Langer Line 
orientation” is equivalent to the medio-lateral direction in the lower back zone. 
Author 
Skin Location 
(Langer Line Orientation) 
Elastic Modulus 
(MPa) 
(Nì Annaidh, 
et al., 2012a) 
Bottom Back (Parallel) 73.81 ± 19.41 
Bottom Back (Perpendicular) 37.66 ± 36.41 
(Yoder & 
Elliott, 2010) 
Alloderm (Parallel) 221.48 ± 141.20 
Alloderm (Perpendicular) 11.21 ± 3.53 
Similar findings were described by Lanir & Fung (1974b) ragarding 
the rabbit skin. They found a stiffer behaviour of the tissue along the 
body width (medio-lateral direction) then along the body length, when 
biaxially solicitated. As showed through DIC methods in the previous 
chapter, the high anisotropy causes a not homogeneus strain distribution 
along the specimen, also affecting its central ROI, in which the 
characteristic curve of the material is evaluated. Previous studies 
reported results regarding the percentage of the area which can be 
considered characterized by an uniform strain distribution. For instance, 
Humphrey et al. (1987) reported an uniform strain distribution within 
the central 4% ot the specimen area, while Billiar & Sacks (2000) found 
an uniformity of strains in the central 25% of the specimen area, but 
specifying that an homogeneous isotropic material loaded at four discrete 
locations per side was tested. For an anisotropic tissue the stress-strain 
distribution would be less uniform, thus a smaller percentage should be 
considered, even though direct experimental evidence is needed. 
Nevertheless, Oomens et al. (1993) claims that an homogeneous strains 
cannot be obtained because of the inhomogeneous materials properties 
and the challenging (sometimes impossible) manufacturing of sample. 
Anyhow, in this work about the 5% of the gauge area (from hooks to 
hooks) was considered for the stress-strain curves extraction. 
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Figure 7.4 Biaxial elastic modulus for the medio-lateral and the cranio-caudal di-
rections. Values are the average values ± the standard deviation of the mean. 
The slope of the toe region in a physiological range of strains (0-10%) 
was evaluated from each experimental curve (Manschot & Brakkee, 
1986). Results are represented in Figure 7.4 and in Table 7.3.  
Table 7.3 Biaxial elastic modulus value for the medio-lateral and the cranio-caudal 
directions (average ± SD). 
  Elastic Modulus [MPa] (average ± SD) 
  T0 T5 
718 
ML 0.708 ± 0.688 0.496 ± 0.335 
CC 0.406 ± 0.309 0.163 ± 0.038 
728 
ML 0.872 ± 0.530 0.481 ± 0.424 
CC 0.349 ± 0.148 0.582 ± 0.507 
726 
ML - 3.976 ± 4.079 
CC 5.506 ± 0.699 1.049 ± 0.603 
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The higher stiffness of the tissue in the medio-lateral direction (along 
Langer lines) is here confirmed, with standard deviations relatively lim-
ited. Only exception the donor 726 which shows in general higher aver-
age values of elastic modulus, and in the decellularized tissues in partic-
ular shows high standard deviations along the medio-lateral direction 
(3.976 ± 4.079 MPa). The mean elastic modulus for the medio-lateral 
direction resulted from 43% to 74% higher than the cranio-caudal one, 
with the exception of the decellularized tissue coming from donor 728 
which shows a cranio-caudal elastic modulus 20% higher than the medio-
lateral one. 
Comparing the paired native and decellularized groups of specimens, 
the reduction of the mechanical properties of the treated dermis with 
respect to the native tissue is hereagain confirmed for all donors, and 
considering both directions. Therefore, the missing medio-lateral results 
for donor 726 let envisage that a mean elastic modulus higher then 5.5 
MPa would be obtained.  
Surgical procedures begin and end with incisions, and the incisions 
planning is a mandatory step when a good outcome is desired in terms 
of scars and tension distribution in the scar proximity (Waldorf, et al., 
2002). The incision planning is intimately related to the Langer’s lines 
orientation, because incisions made parallel to Langer's lines may heal 
better and produce less scarring than incisions made across Langer’s lines 
(Physiology, 2015). This consideration can also be shifted in cases which 
do not directly involve aesthetics, such as soft tissues reconstructive sur-
geries, were a biological graft is needed. When placed in a body part 
where the substitute will bear a physiological and anisotropic distribu-
tion of stress, the orientation of the graft should be consistent with the 
surrounding tissue. Therefore not only the stiffer direction of the host 
tissue should be known, but also the substitute one and, ideally, an equi-
biaxial test performed on a small square specimen excerpts from the graft 
could provide this indication. 
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7.4 Conclusions 
The biaxial mechanical behaviour of untreated and decellularized 
dermis was measured exploiting the purpose-made biaxial fixture de-
scribed in the previous chapter. Stress-strain curves were evaluated from 
the loads acquired by two load cells positioned along two orthogonal axis 
and the optical measure of the deformations of four markers located in 
the central area of the specimen. Comparisons among the native and 
decellularized tissues demonstrated again the loss of mechanical strength 
caused by the decellularization treatment. Moreover the specimens re-
sulted, on average, less extensible in the medio-lateral direction (namely, 
along the Langer lines) then in the cranio-caudal direction, confirming 
the correlation of dermis mechanical response with collagen fibres orien-
tation with respect to the loading direction. 
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Figure 7.5 Stress-strain curves for donor 718. 
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Figure 7.6 Stress-strain curves for donor 728. 
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Figure 7.7 Stress-strain curves for donor 726. 
  
 
  
 
 
 
 
 Conclusions 
8.1 Major findings 
This study presents at first a series of experiments aimed at the en-
gineering and validation of an acellular dermal matrix produced starting 
from the excised human reticular dermis. The HADM object of study is 
directed at clinical applications which implicate demanding mechanical 
properties. Here’s why the effects of the chemical treatments involved in 
the preparation of an acellular dermal matrix (decellularization and con-
servation processes) on the structural integrity of the native ECM rep-
resents an extremely important point. 
Therefore, the effectiveness of a new decellularization treatment was 
assessed by means of a comparison with the mechanical behaviour of a 
HADM resulting from a standard decellularization in NaOH medium. 
The alternative methodology developed by the research unit of the Skin 
Bank (AOU Città della Salute e della Scienza) consists of keeping the 
tissue in DMEM (Dulbecco's modified Eagle medium) for a long period 
of time while being subjected to mechanical tilting. It was demonstrated 
that this process generates a dermal substitute which exhibited mechan-
ical properties similar to the native tissue ones and better handling, 
greater flexibility and lower needle penetration resistance, when com-
pared with the NaOH outcome.  
Chapter 8 
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Efforts have been made to identify the more correct stress-strain for-
mulation for the extraction of faithful mechanical parameters, while 
maintaining a simple uniaxial experimental set-up. The comparison 
among mechanical properties measured from engineering, simplified true 
or true curves has demonstrated that ultimate tensile strength, defor-
mation and maximum elastic modulus can be heavily underestimated 
considering engineering and simplified true curves. More realistic values 
obtained from true curves are therefore recommended when setting up 
dermis computational models, while engineering and true curves values 
remain useful for comparative analyses. 
The effects of a standard conservation process were then investi-
gated, comparing the freshly excised human dermis with the glycerol 
preserved dermis. The influence of the glycerolization procedure on the 
mechanical properties of excised human dermis resulted to be statisti-
cally significant, causing the stiffening of the tissue despite the mainte-
nance of the ultimate deformability features of the native tissue. This is 
considered a positive outcome because of the clinical applications, de-
manding in terms of the strength required, in which the HADM will be 
employ. In this context, a correlation with age and sex of the donors was 
found, confirming the age-related changes and sex-dependent behavior 
of the dermis. 
As a closure of the first stage of optimization of the new dermal 
substitute, a further study was performed, investigating the response of 
the tissue subjected to suture. In fact, dependent on the intended use, 
the biomechanical response of the sutured allografts may be of clinical 
significance, especially in potentially load bearing applications and in 
cases where the shortage of material obliges to obtain patches for large 
defects suturing allografts of smaller dimensions. Characteristic curves 
of the sutured dermis behaviour were thus obtained and compared with 
intact specimens used as a reference. This analysis showed an increase 
in the elasticity of the sutured specimens, which appears to have benefi-
cial effects in the immediate post-operative period, when the dermis al-
lograft has not yet been incorporated and colonized by the host tissue. 
A new characterization procedure which couples results coming from 
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both the testing machine and image analysis was here implemented, in 
order to provide additional information other than the only "suture re-
tention strength" value. This method could allow to isolate the contrib-
ute given by the suture material, deducing the specific contribution of 
the tissue to the overall deformation. Finally, a dynamic characterization 
was performed, whose clinical relevance lies in the possibility of impul-
sive events that may occur in the post-operative period (e.g. coughs, 
sneezes or a sudden efforts).  
The experimental data obtained from the uniaxial characterization 
were employed in an investigation of the effects of different nonlinearities 
(geometric and material nonlinearity) on three output parameters ob-
tainable from experimental tests (deformation and global stress). Decel-
lularized dermis behaviour was thus described by four linear and nonlin-
ear hyperelastic models inputting the engineering stress-strain curves 
and validating the results through parameters extracted from the true 
formulation. The results obtained from the hyperelastic models well rep-
resented the experimental situation, and in particular the incompressible 
Odgen model showed less than 7% percentage variations for all consid-
ered parameters. Despite the Ogden hyperelastic model resulted ade-
quate to the description of a dermis specimen subjected to a uniaxial 
solicitation, it is based on an isotropic assumption which is in contrast 
with the biological materials high anisotropy. Thus, the incompressible 
Ogden model seemed suitable for the description of the dermis behaviour 
when the isotropic assumption can be considered true, such as in small 
deformation conditions. 
The uniaxial tensile testing is an effective and relatively simple 
method to obtain comparison parameters, useful as reference in the op-
timization processes. The required experimental set-up is present in al-
most all mechanical laboratories, therefore the cost of these tests is very 
low. However, a more complex biaxial (at least) set-up would be required 
to fully characterize the properties of a highly anisotropic tissue like the 
human dermis, and the high costs of these test benches often prevents 
this type of analysis. Here’s why a new low cost biaxial conversion mech-
anism for a uniaxial testing machine was designed and realized in this 
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work. This mechanism was realized through rapid prototyping, consid-
erably reducing the implementation costs and facilitating the design 
phase, assisted by the immediate printing and testing of the components. 
The performance of this device requirement was validated through ex-
perimental testing and computational analysis: the equibiaxial motion 
was so tested on a square specimen gripped through twelve hooks, and 
the uniform strain distribution in a central ROI of an isotropic rubber 
sample was evaluated by means of an optical measure of the strains. 
Therefore, this biaxial fixture has been proved to allow carrying out an 
equibiaxial tensile test on decellularized human dermis, at very low cost. 
From the equibiaxial characterization, stress-strain curves along the two 
loading axis were evaluated and the tested specimens resulted on average 
less extensible in the medio-lateral direction (namely, along the Langer 
lines) then in the cranio-caudal direction, confirming the correlation of 
dermis mechanical response with collagen fibres disposition with respect 
to the loading direction. The corroboration of this behaviour, known in 
surgical practice and already demonstrated considering the skin as a 
whole, represents an extremely interesting point in the clinical applica-
tion. As a matter of fact, when placed in a body part where the substi-
tute will bear a physiological and anisotropic distribution of stresses, the 
orientation of the HADM should be consistent with the surrounding tis-
sue, thus it should be kept track of the orientation of the starting dermis 
in order to optimize the graft mechanical function. 
8.2 Future works 
The analysis here performed has made it possible to carry out a com-
prehensive description of the HADM optimized in collaboration with the 
Skin Bank (AOU Città della Salute e della Scienza). This substitute is 
today in the animal testing stage, and in the short term the clinical trials 
phase will begin. Therefore further experimental investigations will be 
needed, focusing primarily on the suture issue. The sutured dermis im-
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pulsive response is indeed of great interest for surgeons, since the stabil-
ity of the repair in the immediate postoperative period is an essential 
requirement for a successful surgery outcome. 
The preliminary equibiaxial results here presented represent the 
starting point for an anisotropic constitutive modelling of the dermis 
substitute, which would allow for the improvement of the efficacy of the 
medical implants through the development of improved computer simu-
lation tools. Although the isotropic Odgen constitutive model resulted 
feasible for the description of the tissue subjected to minor solicitations, 
the nonlinear configuration of the stresses in the immediate post opera-
tory period would need a more reliable material model.  
A deeper investigation in this direction will be helped by ongoing 
tests which aim to couple equibiaxial results with nanoindentation tests, 
in order to match the anisotropic behaviour of the tissue at the micro 
and the macro scale. 
  
 
  
 
 
 
 
 Equibiaxial conversion device  
parts and assemblies drawings 
In the following, the main parts and assemblies of the equibiaxial 
conversion device described in Chapter 6 are depicted. Tables listing all 
the constitutive parts of the assemblies are also present in the technical 
drawings. All the components were 3D printed in ABS. The only excep-
tions were the linear guidways (Hiwin) and the twelve hooks.
Appendix A 
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Figure A.1 Equibiaxial conversion device assembly. The table lists all the constitu-
tive parts. 
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Figure A.2 Connector drawing. The connector is included both in the upper and in 
the lower crossheads. 
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Figure A.3 Lateral Extension drawing. The lateral extensions are included both in 
the upper and in the lower crossheads. 
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Figure A.4 Link drawing. Two links connect the upper and lower crossheads 
through the four linear guideways. 
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Figure A.5 Drawing describing the left and the bottom stoppers for the gripping 
arms, the load cell adapter and the right and upper rods. 
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Figure A.6 Drawing describing the four grippin terminals and the upper and lower 
hooks holder. 
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Figure A.7 Hooks holder assembly. 
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